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The  Annealing  of  Copper :  with  Special  Reference  to  Dilatation. 

By  T.  Turner,  M.Sc.,  A.RS.M.,  Professor  of  Metallurgy,  and  D.  M.  Levy, 
A.R.S.M.,  Assistant  Lecturer  in  Metallurgy,  University  of  Birmingham. 

(Commimicated  by  Professor  J.  H.  Pojmting,  F.RS.    Beceived  May  21, — Bead 

June  27,  1907.) 

It  is  well  known  that  copper  is  met  with  in  two  distinct  forms,  viz.,  the 
soft  state  as  in  cast  or  annealed  metal,  and  the  hard  variety  which  is  the 
result  of  mechanical  work.  There  is  more  difference  between  the  mechanical 
properties  of  hard  and  of  soft  copper  than  is  observed  in  the  case  of  two 
distinct  metals  ;  such,  for  example,  as  nickel  and  cobalt. 

For  instance,  one  of  the  most  important  of  these  differences,  from  a 
practical  point  of  view,  is  in  connection  with  the  tensile  strength  of  the 
material,  which  is  only  about  10  to  14  tons  per  square  inch  in  cast  or  in 
annealed  copper,  while  in  hardened  copper  the  tenacity  is  about  twice  as  great, 
and  usually  runs  from  about  20  to  28  tons  per  square  inch,  or  even  more  in 
special  cases.  The  difference  between  hard  and  soft  copper  can  be  also 
readily  illustrated  by  bending  two  rods  about  \  inch  square  section,  one  in  the 
hardened  and  the  other  in  the  annealed  condition.  The  latter  can  be  easily 
bent  in  the  hands  or  even  tied  in  a  knot,  while  the  mechanically  worked  bar 
is  rigid  and  elastic,  and  can  only  be  bent  by  the  application  of  considerable 
force.  It  is  common  knowledge  that  hard  copper  becomes  perfectly  annealed 
by  heating  to  500^  C. ;  that  the  heating  need  not  be  for  any  lengthened 
period,  and  the  rate  of  cooling  afterwards  is  unimportant 
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Changes  of  properties  wLicL  are  so  laarked,  and  so  far-reaching  in  xbe 
applications  of  metallic  copper,  have  naturally  been  the  subject  of  invesn- 
gatioii  by  nietallurj^ists  and  physiciifts,  among  whom  may  be  specially 
mentione^l  Bol>erts-Au»>teu,*  Kudeloff,**-  Thurston,*  and  He}Ti.§  These 
researches  deal  chiefly  with  the  mechanical  properties  of  copper  in  various 
conditions,  and  at  various  temperatures. 

In  addition  to  the  foregoing,  referen*:«  should  be  made  to  the  work  of 
Beilby,  who  has  investigated  the  microstructure  of  copper  in  diflferent  states  : 
while  the  expansion  of  c^>p[>er,  over  a  considerable  range  of  temperature,  was 
observed  by  Dittenberger  and  (jehrke.T  Xo  particulars  are  given  in  their  rep :»ri 
as  to  the  condition  of  the  metal  under  examination ;  but  its  expansion  up  to 
a  temperature  of  625^  C.  is  states!  to  Ije  in  agreement  with  the  formula 

X=  10-»a6070  +  4-030^), 

while  a  rod  487  mm.  long  showed  a  permanent  extension  of  O'Ol  to  002  mm. 
on  resuming  the  original  temperature. 

In  the  course  of  an  investigation  recently  conducted  at  the  University  of 
Birmingham  on  the  volume  changes  during  the  solidification  of  cast  metals,  it 
was  shown  that  corresponding  with  each  temperature  arrest  during  the  cooling 
of  cast  iron  there  was  also  a  definite  volume  alteration.*^  It  was  also  shown 
that  copper  zinc  alloys  expand  during  solidification.  For  these  experiments 
a  simple  form  of  extensometer  was  employed,  and  the  indications  of  this 
instrument  show  that  at  certain  temperatures,  which  marked  well  defined 
clianges  in  the  properties  of  the  solid  metal,  there  were  well  marked  altera- 
tions of  volume,  which  were  rendered  very  evident  by  the  extensometer. 

It  was  thought  that  by  the  application  of  somewhat  similar  methods, 
information  might  be  obtained  as  to  any  abrupt  or  definite  change  which  may 
occur  when  metal,  which  has  been  subjected  to  mechanical  work,  is,  by 
annealing,  converted  into  the  soft  variety. 

♦  Roberta- AuBten,  W.,  2nd  Report  Alloys  Research  Committee,  *Proc.  Inst.  Mech. 
Eng./  April,  1893,  p.  114. 

t  Rudeloff,  M.,  "  Influence  of  Temperature  on  Tensile  Strength  of  Metals,"  '  Mitt  hell. 
Kttnig.  Technische  Versuchs-Anstalt,'  1894,  voL  11  (b),  pp.  292—330;  "Influence  of 
Heat,  Cliemical  Composition  and  Mechanical  Treatment  on  Strength  and  Ductility  of 
Copper,"  *  Mittheil.  KOnig.  Technische  Versuchs-Anstalt,'  1898,  vol.  16  (a),  pp.  171—219. 

J  Thurston,  *  Materials  of  Engineering,*  Part  III,  pp.  477—673. 

§  Heyn,  E.,  "  Overheating  of  Mild  Steel "  (refers  to  copper),  *Journ.  Iron  and  Steel 
Inst.,'  1902,  vol.  2,  p.  101. 

II  Beilby,  O.,  *  Journ.  Soc.  CTiem.  Ind.,'  1903,  pp.  1107-8  ;  1904,  p.  788. 

ir  Report  of  Physikali«!h-Tedinische  ReichsansUlt,  by  flolbom  and  Gruneisen,  1902, 
abstracted  in  *  Engineering,'  vol.  4,  No.  24. 

♦*  T.  Turner,  "  Volume  and  Temperature  Changes  during  the  Cooling  of  Cast  Iron," 
*  Journal  of  the  Iron  and  Steel  Institute,'  1906,  vol.  1,  p.  48. 
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In  order  to  make  the  desired  observations  an  extensometer  was  devised 
capable  of  indicating  the  changes  of  length  of  a  bar  of  copper  at  temperatures 
from  that  of  the  atmosphere  to  about  700°  C.  At  the  same  time  the 
temperature  of  the  bar  was  ascertained  by  a  pyrometer  of  the  Le  Chatelier 
thermo-junction  type. 

The  general  arrangement  of  the  apparatus  is  shown  in  fig.  1 ;  whilst  fig.  2 
represents,  on  a  larger  scale,  details  of  the  method  of  connecting  with  the 
extensometer. 
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Numerous  forms  of  apparatus  were  tried  before  the  final  design  was  adopted, 
as  it  was  essential  to  heat  the  bar  uniformly  and  to  ensure  that  the  expansion 
of  the  whole  length  and  of  that  alone  should  be  recorded,  the  difficulty  being 

B  2 
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to  connect  the  bar,  which  was  of  considerable  length  and  entirely  in  the 
furnace,  with  the  extensometer,  which  was  situated  at  some  little  distance 
away. 

The  bars  used  in  the  series  of  experiments  were  aU  ^  inch  in  square  section 
and  35  inches  long.  Each  bar  (B)  was  heated  in  a  gas  fired  tube  furnace  as 
subsequently  described ;  and,  in  order  to  confine  the  rise  of  temperature  to 
the  bars,  they  were  fitted  at  each  end  with  a  copper  tube  (A)  4  inches  in 
length.  This  tube  was  screwed  on  to  the  bar  for  a  distance  of  about  ^  inch, 
and  projected  about  3  inches  beyond  the  end  of  the  furnace.  The  bar  itself 
was  thus  entirely  in  the  furnace,  and  in  order  to  prevent  the  expansion  of 
the  connecting  tubes  being  recorded  they  were  water  cooled,  while  the  end  of 
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the  bar  inside  the  tube  was  covered  with  an  asbestos  plu^  (c)  so  as  to  prevent 
the  water  having  any  cooling  eflfect  in  it.  One  of  these  copper  tubes  was 
firmly  clamped  so  as  to  be  kept  quite  rigid,  while  to  the  tube  at  the  other 
end  the  extensometer  was  attached.  In  this  way  the  expansion  of  the  whole 
length  of  the  bar  was  obtained,  while  the  rest  of  the  system  was  maintained 
at  a  constant  temperature. 

In  order  to  aUow  freedom  of  motion  in  the  direction  of  its  length,  the  rod 
rested  on  a  number  of  small  porcelain  rollers  (D)  which  were  supported  on  a 
trough  made  of  steel  bars,  \  inch  thick  and  3  inches  wida  The  trough  is 
open  at  both  ends,  and  in  order  to  prevent  buckling  effects  due  to  the  heat  it 
was  well  braced,  whilst  the  rollers,  instead  of  running  directly  on  the  bottom 
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of  the  trough,  were  supported  by  two  thin  strips  of  steel.  In  the  earlier 
experiments  with  a  thinner  trough,  there  was  sufficient  buckling  to  seriously 
affect  the  observations. 

The  trough  was  heated  by  a  series  of  bunsen  burners,  controlled  by  a 
common  tap,  and  so  placed  cus  to  ensure,  as  nearly  as  possible,  uniformity 
of  heating.  It  is  known  that  tube  furnaces  are  usually  cooler  at  the  ends 
than  in  the  middle,  and  pyrometric  tests  were  made  throughout  the  trough  in 
order  to  determine  the  proper  number  and  spacing  of  the  gas  burners.  By 
surrounding  the  trough  with  brickwork,  covering  the  ends  and  top  with 
asbestos  cardboard,  and  providing  a  considerable  covered  air  space  around 
the  trough,  it  was  ultimately  found  possible  to  ensure  very  considerable 
uniformity  of  temperature  throughout  the  tube. 

The  extensometer  consisted  essentially  of  a  bell  crank  lever  (F)  mounted 
on  pivots ;  the  indicating  arm  was  25  inches  long,  whilst  the  short  arm  was 
80  fashioned  that  at  a  distance  of  \  inch  from  the  pivots  it  took  the 
form  of  a  finely  rounded  projection  (6).  This  pressed  against  a  brightly 
polished  disc  (H)  screwed  on  to  one  of  the  connecting  tubes,  by  means  of 
which  the  forward  motion  of  the  disc  {i.e.,  the  expansion  of  the  rod) 
was  indicated  on  a  scale  (K),  which  was  an  arc  of  a  circle  divided  in 
millimetres. 

The  extensometer  worked  in  a  vertical  plane,  and  was  very  delicately 
mounted  so  as  to  reduce  the  efifects  of  friction  to  a  minimum.  On  being 
tested  by  a  micrometer  screw  its  indications  were  found  to  be  fairly 
uniform  in  all  positions,  and  the  millimetre  scale  denoted  a  magnification  of 
48 ;  in  other  words,  1  mm.  scale-division  corresponded  to  an  expansion 
of  1/1200  of  an  inch.  The  indicating  arm  was  extended  backwards  for 
some  distance  beyond  the  pivots,  so  as  to  accommodate  a  balance  weight  (L), 
which  was,  however,  placed  at  such  a  distance  as  to  always  insure  a  small 
positive  pressure  against  the  brass  disc  in  whatever  position  the  indicator 
arm  might  happen  to  be  situated.  As  the  copper  connecting  tube  at  the 
other  end  was  firmly  clamped,  it  was  only  necessary  to  take  the  extensometer 
readings  from  one  end  in  order  to  measure  the  expansion. 

The  extensometer  was  made  in  the  Metallurgical  Department  of  the 
University  of  Birmingham,  by  Mr.  J.  Ward,  the  University  steel  melter, 
and  the  authors  desire  liere  to  acknowledge  the  value  of  the  assistance  thus 
rendered  by  Mr.  Ward. 

The  temperatures  were  recorded  by  a  thermocouple,  the  junction  (M) 
being  placed  in  an  J-inch  hole  bored  in  the  centre  of  the  bar  under 
examination.  The  leads  from  the  cold  junction  were  connected  with  a 
dead-beat  galvanometer  of  the  D'Arsonval  type,  in  the  mirror  of  which  the 
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reflections  of  a  graduated  scale  were  observed  through  a  telescope  placed 
some  distance  away. 

The  adjustments  of  the  apparatus  required  careful  attention,  and  the 
precautions  detailed  in  the  foregoing  paragraphs  were  adopted  as  the  result 
of  a  very  large  number  of  experiments  at  the  commencement  of  the  work. 
These  tests  showed  that  minute  frictional  effects,  slight  draughts,  and  other 
very  small  deviations  led  to  irregularity  in  the  results  obtained. 

The  quantity  of  asbestos  used  as  a  non-conducting  plug  at  the  end  of  the 
rod,  the  use  of  steel  strips  for  the  rollers  to  run  upon,  the  adoption  of 
movable  bunsens  instead  of  the  usual  form  of  combustion  furnace,  and  the 
careful  adjustment  of  the  counter-balance  on  the  extensometer  were  all 
decided  on  after  a  number  of  early  failures.  More  uniform  results  were 
obtained  when  the  junction  was  inserted  in  a  hole  in  the  metal  instead  of 
fastening  it  on  the  surface,  whilst  the  exclusion  of  draughts  by  employing 
brickwork  and  asbestos  protection  was  most  important.  Marked  effects 
were  also  produced  by  any  irregularity  in  the  supply  of  cooling  water  to  the 
ends  of  the  rod,  and  it  was  considered  advisable  to  run  the  water  under 
a  constant  head  from  a  fixed  reservoir  some  feet  above  the  level  of  the 
apparatus.     The  actual  operations  were  conducted  as  follows. 

The  adjustments  of  the  apparatus  being  made  so  that  the  indicator  was 
near,  but  not  at  the  bottom  of  the  scale,  the  clamps  were  made  tight,  and 
a  gentle  stream  of  water  was  set  flowing  through  the  connecting  tubes  for 
some  minutes,  zero  readings  were  noted,  the  bunsens  were  then  lighted  at 
the  full,  and  observations  taken  of  the  indicator  and  the  galvanometer  at 
intervals  of  15  seconds. 

The  changes,  which  were  at  first  rapid,  become  gradually  smaller,  and 
after  a  red  heat  had  been  attained,  half-minute,  then  one-minute,  and  finally 
two-minute  intervals  were  allowed  between  the  readings  until  the  maximum 
temperature  had  been  reached,  at  which  point  the  readings  had  become 
practically  constant.  The  gas  was  then  turned  otf,  and  readings  were 
taken  during  the  cooling  of  the  bar.  The  results  were  then  plotted  so  as 
to  give  a  continuous  record  of  the  changes  of  length  and  of  the  increments 
of  temperature. 

Preliminaiy  Experiments, 

The  first  series  of  experiments  was  undertaken  ip  order  to  test  the 
delicacy  of  the  apparatus  and  the  trustworthiness  of  the  method.  The 
object  was  to  ascertain  whether,  when  a  material  was  employed  which  is 
known  to  undergo  abrupt  changes  of  length  at  certain  critical  points,  these 
changes  could  be  readily  and  accurately  observed,  and,  secondly,  to  determine 
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whether,  in  the  case  of  a  material  which  undergoes  no  such  abrupt  changes, 
a  perfectly  continuous  curve  could  be  obtained. 

The  materials  which  suggested  themselves  as  being  most  suitable  for  the 
above  purposes  were  steel  and  wrought  iron,  as  it  is  well  known  that  with 
high  carbon  steel  there  is  an  abrupt  change  of  volume  at  about  680°  C, 
while  no  such  change  takes  place  with  wrought  iron.  The  change  in  volume 
in  the  case  of  steel  is  known  to  be  connected  with  the  state  of  combination 
of  the  carbon  which  is  present,  and  this  volume  change  is  accompanied  by 
marked  differences  in  hardness  and  other  properties. 

The  wrought-iron  bars  used  for  these  tests  were  of  best  Staffordshire  iron, 
and  contained  003  per  cent,  of  carbon.  The  steel  was  made  in  the  Siemens 
furnace,  and  contained  094  per  cent,  of  carbon.  The  bars  were,  as  before 
described,  35  inches  long,  \  inch  square  section,  and  the  experiments  were 
all  conducted  exactly  as  previously  mentioned. 

(a)  Wrought  Iron. — The  curves  obtained  from  heating  and  cooling  a  bar 
of  wrought  iron  are  shown  on  fig.  3.  From  these  it  will  be  seen  that 
within  the  range  of  temperature  employed  the  curves  are  regular  and 
continuous,  and  the  absence  of  any  break  or#rrest  may  be  taken  to  indicate 
that  the  apparatus  was  satisfactory,  and  that  the  precautions  previously 
mentioned  had  eliminated  all  important  sources  of  error. 

(b)  Steel, — The  curves  obtained  from  the  steel  with  0*94  per  cent,  of  carbon 
are  also  given  in  fig.  3,  and  these  indicate  that  a  marked  diminution  in  length 
occurs  at  the  temperature  arrest  point,  Ari,  which  corresponds  with  about 
680°  C.  On  cooling  the  bar  a  corresponding  increase  of  length  occurs  at  the 
same  temperature. 

M.  H.  le  Chatelier*  has  already,  by  an  entirely  different  method,  deter- 
mined the  expansions  of  iron  and  steel  at  various  temperatures,  and  the  results 
of  the  present  experiments  given  above  are  in  practical  agreement  with 
his  observations.  Messrs.  Charpy  and  Grenetf  have  also  studied  the  trans- 
formations of  steel  by  the  dilatometric  method,  using  the  method  of 
Le  Chatelier.  These  observers  point  out  that  in  order  to  obtain  satisfactory 
numerical  values  it  is  necessary  to  heat  at  a  sufficiently  slow  speed,  and  state  that 
about  200°  per  hour  is  a  suitable  increment,  a  rate  which  does  not  differ  very 
markedly  from  that  adopted  in  the  present  series  of  experiments.  Charpy  and 
Grenet  also  found  that  in  all  steels,  and  cast,  iron  containing  only  carbon, 
the  transformation  took  place  at  about  700°  C. ;  that  with  low  carbon 
steels  the  contraction  at  this  temperature  was  inappreciable;  and  that  the 

♦  *  L'Etude  des  AUiages,'  Paris,  1901,  p.  403. 

+  *The  Metallographist,'  1903,  p.  240;  *Comptes  KenduR  Acad6mie  des  Sciences,' 
May  10,  1902. 
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maximum  contraction  was  observed  in  steels  which  contained  O'OS  per  cent  of 
carbon. 

As  the  curves  obtained  both  for  iron  and  steel  by  the  extensometer 
apparatus  agreed  with  those  of  previous  experimenters,  alike  in  the  character 
and  extent  of  the  changes  which  take  place,  and  the  temperature  at  which 
any  irregularity  is  noted,  it  may  be  assumed  that  the  accuracy  and  suitability 
of  the  method  of  investigation  was  sufficiently  proved.  It  was  therefore 
possible,  with  confidence,  to  approach  the  real  object  of  the  research. 

Dilatation  of  Hard-^rawn  Copper. 

The  rods  used  in  these  tests  correspond  in  every  way  with  those  employed 
in  the  tests  for  iron  and  steel,  being  35  inches  long,  a  ^  inch  in  square 
section,  and  screweil  to  water-cooled  copper  connecting-tubes  as  before.  The 
rods  were  supplied  by  Messrs.  Thos.  Bolton  and  Sons,  of  Oakamoor,  Staffs, 
and  were  of  electrolytic  copper  of  selected  quality  and  uniformity.  They  had 
been  roUed  while  hot  down  to  }  inch  square,  and  were  afterwards  cold 
drawn  until  |  inch  square.  Tlie  curve  obtained  on  heating  a  bar  of  this 
hard-drawn  copper  to  about  5iO°  C.  is  given  in  fig.  4.  At  this  temperature 
the  metal  is  completely  annealed,  and,  on  cooling,  is  dead  soft.  It  will  be 
observed  that  both  the  heating  and  cooling  curves  are  quite  regular,  there 
being  no  break  such  as  would  be  caused  by  the  slightest  abrupt  change  of 
volume  at  a  critical  temperature.  There  was  nothing  observed  which  would 
serve  to  indicate  at  exactly  what  temperature  hard  copper  passes  into 
the  soft  variety.  As  a  check  upon  the  results  obtained  by  the  extenso- 
meter, the  rod  was  marked  before  being  placed  in  the  furnace,  a  length  of 
30  inches  being  taken,  and  when  the  metal  was  cold,  after  the  conclusion  of  the 
experiment,  tliere  was  no  perceptible  alteration  of  length  in  the  marked 
portion. 

Dilatation  of  Annealed  Copper. 

The  annealed  lod,  as  used  in  the  previous  experiments,  was  now  heated  to 
about  600^  C,  and  afterwards  alloweil  to  cool  slowly  to  the  temperature  of  the 
atmosphere.  From  the  curves  obtained  (^fig.  4)  it  will  be  observed  that  the 
dilatation  was  as  regular  as  with  wroii^ht  iron,  and  quite  similar  to  what  wa$ 
olwerved  with  the  hard-ihrawn  copper.  It  thus  appears  that  the  change  from 
the  haiti  elastic  condition  of  worked  copper  to  that  of  extremely  soft  metal, 
such  as  is  obtained  with  fully  annealed  copper,  is  not  accompanied  by  any 
alteration  of  length.  It  may  be  recaUed  that  it  is  usual  to  make  allowances 
in  practice  for  the  volume  changes  which  accompany  the  cooling  of  cast  iron 
or  the  haniening  of  steel:   while  we  are  informed,  by  Mr.  F,  Flatten,  of 
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Elliott's  Metal  Company,  Limited,  that,  on  the  other  hand,  no  allowance  is 
made,  when  annealing  hard  copper  in  the  processes  of  rolling  or  drawing,  for 
any  alterations  in  length  or  thickness. 

Dilatation  of  Copper  Alloys, 

It  wfius  now  considered  advisable  to  examine  certain  well-known  copper 
alloys  which  are  of  commercial  importance ;  which  are  hardened  by  work,  and 
which  may  be  annealed  at  a  relatively  low  temperature  like  copper  itself. 
For  this  purpose  Mr.  Flatten  kindly  supplied  hard-drawn  | -inch-square  rods 
having  the  following  composition : — 

1.  Brass  (copper  70,  zinc  30)  4.  Gun  metal. 

2.  „    (      „       66,     „    34)  5.  Phosphor  bronze. 

3.  „    (      ,.       60,      „    40) 

These  were  examined  in  35-inch  lengths  exactly  as  in  the  previous 
experiments,  and  the  results  plotted.  No  satisfactory  curve  was  obtained 
of  the  60 :  40  brass  as  all  the  rods  of  this  composition  which  wei'e  tested 
behaved  in  a  curious  manner,  showing  a  normal  expansion  up  to  a  certain  point 
and  then  beginning  to  develop  a  helical  twist  which  rendered  it  impossible  to 
obtain  any  trustworthy  indications  with  the  extensometer,  as  the  bars  were 
no  longer  straight.  The  other  four  alloys,  namely  70 :  30  brass ;  66 :  34  brass, 
gunmetal,  and  phosphor  bronze  gave  perfectly  regular  and  uniform  curves  as 
the  temperature  rose,  and  no  indication  was  afforded  as  to  the  point  at  which 
the  hard  meted  became  annealed.  The  cooling  curves  were  all  quite  regular, 
and  similar  to  each  other,  though  the  contraction  was  very  slightly  more 
rapid  above  400°  and  slightly  less  rapid  below  400°  than  might  have  been 
expected  from  the  heating  curve. 

The  conclusion  to  be  drawn  from  these  experiments  would  appear  to  be 
that  the  alterations  which  take  place  when  hard  copper  is  by  annealing 
converted  into  the  soft  variety  are  unaccompanied  by  any  change  in  linear 
dimensions.  It  is  known  that  the  separation  of  a  constituent,  as  of  graphite 
from  cast  iron  or  pearlite  from  steel,  is  accompanied  by  marked  dilatometric 
changes.  Le  Chatelier*  has  shown  that  a  dimorphic  transformation  such  as 
that  which  ferrous  sulphide  undergoes  between  100°  and  150°,  is  accompanied 
by  a  marked  change  of  volume.  Allotropic  changes  in  an  element  are  also 
usually  accompanied  by  marked  alterations  of  volume,  as  in  the  case  of  pure 
iron  at  about  880°  C.  It  is  evident,  therefore,  that  such  changes  in  the 
properties  of  copper  and  of  copper  alloys  as  are  caused  by  mechanical  work  or 

*  *  Metallographist,'  1903,  p.  23  ;  *  Bulletin  de  la  Soci6t4  d'Encouragement,'  September, 
1902. 
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annealing  resijeetively  are  of  a  different  order  to  those  which  are  due  to 
allotropic  or  dimorphic  traiiBformations,  or  to  the  separation  or  rearrangement 
of  constituents.  The  results  here  recorded  lead  us  to  believe  that  mechanical 
work  prfxluces  only  internal  rearrangement  of  the  metallic  grains  or  molecules, 
but  does  not  lead  to  any  chemical  or  physical  changes  such  as  are  correctly 
regarded  as  allotropic.  We  have  met  with  no  e\idence  to  support  the  view 
that  allotropic  change  results  from  mechanical  work. 


A  New   Cur7*ent    Weigher ^  and  a  Detetinination  of  the  Electro- 
motive Force  of  the  Normal  Weston  Cadmium  Cell. 

By  Professor  W.  E.  Ayrton,  F.R.S.,  and  T.  Mather,  F.R.S.,  Central  Technical 
College,  I^)ndon,  and  F.  E.  Smith,  A.R.C.S.,  National  Physical 
Laboratory,  Teddington. 

(Received  June  5, — Read  June  27,  1907.) 
(Abstract.) 

Introductory, 

The  instrument  described  is  the  outcome  of  conversations  between  the  late 
Professor  J.  Viriamu  Jones,  F.'R.S.,  and  one  of  the  authors  (W.  E.  A),  on 
their  return  from  the  British  Association  Meeting  held  in  Toronto  in  1897. 
Its  object  was  to  determine  "  the  ampere  "  as  defined  in  the  C.G.S.  system,  to 
an  accuracy  comparable  with  that  attained  in  the  absolute  determination  of 
the  ohm  by  Lorenz's  apparatus,  an  account  of  which  was  given  by  Professors 
Ayrton  and  Jones  at  the  Toronto  Meeting.* 

Professor    Jones    had    previously    developed    a    convenient  formula  for 

calculating  the  electromagnetic  force  between  a  helical  current  and  a  coaxial 

current  sheet,  viz., 

F  =  7A7(Ma-Mi),t 

where  7a  is  the  current  in  the  helix,  7  the  current  per  unit  length  of  the 

current  sheet,  and  Mi,  M2  the  coefficients  of  mutual  induction  of  the  helix 

and  the  two  ends  of  the  current  sheet  respectively.     By  using  coaxial  coils 

with  single  layers  of  wire  wound  in  screw-thread  grooves,  advantage  could 

be  taken  of  the  above  formula. 

♦  See  *  B.  A.  Report,'  Toronto,  1897,  p.  212. 
t  *  Roy.  Soc.  Proc,'  vol.  63,  p.  204. 
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A  preliminary  apparatus  was  made  at  the  Central  Technical  College  in 
1897-8,  and  used  to  obtain  experience  as  to  the  conditions  necessary  for 
successful  operation.*  The  design  of  the  proposed  instrument  was  then 
proceeded  with. 

By  employing  the  arrangement  devised  by  one  of  the  authors  (W.  K  A.), 
of  having  double-threaded  screw  grooves  wound  with  separate  bare  wires  sub- 
sequently connected  in  series,  it  was  possible  to  prevent  any  uncertainty 
existing  regarding  leakage  between  adjacent  turns  of  a  spiral.  At  the  same 
time,  the  absence  of  any  silk  covering  on  the  wires  wound  on  bare  marble 
cylinders  enabled  very  great  precision  in  the  measurement  of  the  dimensions 
of  each  coil  to  be  attained. 

Complete  working  drawings  and  specifications  of  the  proposed  instnmient 
ajid  its  adjustable  support  were  prepared  at  the  Central  Technical  College  in 
1898-99,  Mr.  J.  P.  Gregory,  a  then  student  of  the  College,  rendering  very 
valuable  assistance  in  this  work.  Grants  amounting  to  £300,  for  the  con- 
struction of  the  balance,  were  made  by  the  British  Association  for  the 
Advancement  of  Science  in  1897  and  1898,  and  Sir  Andrew  Noble,  F.RS., 
kindly  presented  the  adjustable  phosphor  bronze  stand,  designed  to  support 
the  instrument.  The  physical  balance  was  built  by  Mr.  L.  Oertling,  of 
London;  and  the  electrical  portions  were  made  at  the  National  Physical 
laboratory  under  the  supervision  of  the  Director,  Dr.  R.  T.  Glazebrook,  F.R.S. 

General  Description. 

The  instrument  consists  of  a  very  sensitive  physical  balance,  with  a  20-inch 
beam,t  supporting  from  each  end  -a  coil  with  vertical  axis  ;  these  coils  hang 
coaxially  within  fixed  coils  carried  from  the  base.  All  the  coils  are  wound 
in  single  layers  on  hollow  marble  cylinders  having  dauble-threaded  screw 
grooves  cut  on  their  surfaces,  the  fixed  cylinders  being  about  13  inches 
diameter,  11  inches  high,  and  2  inches  thick,  and  the  suspended  cylinders 
8  X  6  X  i  inches.  Each  fixed  cylinder  carries  two  windings,  an  upper  and  a 
lower,  in  which  the  current  circulates  in  opposite  directions,  so  that  one  repels 
and  the  other  attracts,  the  current  carrying  winding  on  the  suspended 
cyhnder  hanging  symmetrically  between  them.  Each  winding,  on  both  fixed 
and  suspended  cylinders,  consists  of  two  helices  occup}dng  adjacent  grooves  of 
the  double-threaded  screws ;  there  are  thus  12  wires  in  all  on  the  four 
cylinders,  and  these  are  connected  all  in  series  in  the  ordinary  use  of  the 
balance. 

Connection  with  the  suspended  coils  is  made  by  flexible  silver  wires  1  mil 

*  *B.  A.  Report,'  Bristol,  1898,  p.  157  ;  also  *  Journ.  Inst.  Elec.  Engrs.,'  vol.  35,  p.  12. 
t  The  balance  carries  about  5^  kilos,  and  turns  with  ]  /lO  milligramme. 
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in  diameter,  arranged  80  in  parallel,  and  all  other  leads  to  and  from  the  coils 
are  of  small  concentric  cable.  These  cables  run  to  a  plug  board  and  commutators, 
whereby  the  current  in  any  or  all  of  the  12  helices  may  be  reversed.  Adjacent 
helices  can  also  be  disconnected  from  each  other,  and  electrically  grouped  so 
that  the  insulation  between  all  the  pairs  may  be  found  by  a  single  test. 

When  in  use  for  measuring  current,  the  directions  of  circulation  in  the 
several  coils  are  arranged  so  that  they  all  produce  a  torque  in  the  same  sense 
on  the  balance  beam,  and  this  torque  is  balanced  by  suitable  masses  placed 
on  the  scale  pana  Eeversal  of  the  current,  in  the  fixed  coils  only,  produces 
an  apparent  change  of  weight,  which  is  a  measure  of  the  square  of  the  current 
employed.  The  position  of  the  beam  of  the  balance  is  observed  by  viewing 
through  a  microscope  a  finely  divided  scale  carried  by  the  pointer. 

The  masses  used  to  balance  the  electromagnetic  forcep  can  be  manipulated 
quickly  and  conveniently  witliout  opening  the  case  of  the  instrument,  four 
weight  lifters  being  provided  for  this  purpose.  To  prevent  change  of  level  of 
the  suspended  cylinders  on  removing  or  replacing  the  weights,  the  scale  pans 
are  carried  on  separate  planes  resting  on  the  knife  edges  from  which  the 
suspended  coils  hang. 

For  convenience  in  erection  and  adjustment  the  fixed  coils  are  supported 
on  phosphor  bronze  slide  rests,  capable  of  about  half  an  inch  movement  in 
two  horizontal  directions  and  of  14  inches  vertical  displacement. 

Advantages  of  Duplication  of  Coils. 

The  arrangement  of  having  a  set  of  coils  at  each  end  of  the  balance  beam 
has  several  advantages.  Independent  determinations  may  be  made  on  the 
two  sets,  or,  by  using  both  together,  the  forces  are  approximately  doubled. 
Differential  tests  can  also  be  made  so  that  one  set  serves  as  a  check  on  the 
other.  The  chief  advantage,  however,  is  the  symmetry  obtained,  which 
neutralises  to  a  very  great  extent  the  disturbances  arising  from  convection 
currents  of  air  and  change  of  air  buoyancy. 

The  double  winding  is  also  of  great  utility  in  this  respect,  as  it  permits  of 
an  electromagnetic  weighing  being  made  with  one  set  of  coils  without 
introducing  the  error,  due  to  drift  of  zero,  which  would  occur  if  that  set 
alone  were  heated  by  the  passage  of  the  current.  This  is  effected  by 
arranging  the  connections  so  that  the  currents  in  adjacent  helices  on  one  pair 
of  cylinders  are  in  opposite  directions ;  they  have  then  no  electromagnetic 
effect,  and  yet  are  heated  by  the  passage  of  the  current  just  as  much  as  the 
coils  on  the  other  pair. 
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Magnetic  Tests. 

Before  constructing  the  parts  of  the  balance,  magnetic  tests  were  made  on 
all  the  materials  intended  to  be  used,  and  in  cases  where  the  permeability 
differed  appreciably  from  unity  those  parts  were  rejected. 

When  the  instrument  was  completed  it  was  used  to  test  itself,  but  no  trace 
whatever  of  magnetism  could  be  detected. 

Construction  and  Wielding, 

The  material  employed  for  the  fixed  and  suspended  cylinders  is  Carrara. 
Statuary  Marble,  which,  after  being  turned  approximately  to  size,  was  baked 
in  an  oven  at  140^  C.  for  30  hours  and  then  immersed  in  hot  paraffin  wax. 
The  turning  was  then  completed,  the  V  grooves  cut  and  bare  copper  wire,. 
No.  24  S.W.6.,  wound  in  them  under  tension,  numerous  measurements  of 
the  diameter  of  the  wire  being  made  during  the  winding.  Special  arrange- 
ments were  made  to  ensure  that  each  helix  contained  an  exact  number  of 
turns,  and  that  the  two  helices  of  one  pair  start  and  end  in  the  same 
diametral  plane. 

The  pitch  of  the  screw  grooves  is  1/18  inch:  each  helix  on  a  suspended 
cylinder  has  92  turns,  making  184  in  all,  and  those  on  each  fixed  cylinder 
90  turns,  making  a  total  of  360.  These  turns  on  the  fixed  cylinders  are  in 
two  portions,  upper  and  lower,  with  an  unwound  space  of  2/18  inch  between 
them.  The  axial  length  of  the  suspended  coil  is,  tlierefore,  equal  to  the 
distance  between  the  central  planes  of  the  upper  and  lower  windings  on  the 
fixed  cylinder.  On  all  the  cylinders  the  total  number  of  turns  is  1088  and 
the  total  length  of  wire  about  980  metres. 

Measv/renient  of  Coils, 

Measurements  of  the  axial  lengths  of  the  windings  were  made  by 
a  cathetometer,  and  of  the  diameters  by  a  special  measuring  machine 
obtained  from  Messrs.  Stanley,  of  London.  An  optical  lever  used  with  the 
latter  instrument  gave  a  deflexion  of  2  mm.  for  a  movement  of  the 
micrometer  of  1/i  (1/1000  of  a  millimeti-e),  so  the  dimensions  could  be 
determined  with  great  precision.  Such  accuracy  in  the  measurement  of  the 
diameters  was  rendered  possible  owing  to  the  use  of  bare  wire  wound  on 
bare  marble. 

About  120  diameters  were  measured  on  each  suspended  cy Under,  and  about 
220  on  each  fixed  one,  the  probable  error  of  the  mean  diameter  of  any 
cylinder  amounting  to  about  five  in  a  million.  All  the  cylinders  are  very 
nearly  perfect,  the  ellipticities  and  the  conicalities  being  extremely  smalL 
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Aftor  measuring  the  coils  and  insulating  adjacent  helices,  the  windings 
were  coated  with  melted  wax,  and  again  measured  in  numerous  places  from 
wliich  the  wax  was  temporarily  removed ;  no  appreciable  change  in 
dimensions  could  be  found. 

Erection  and  Adjustment, 

To  facilitate  the  setting  of  the  cylinders,  two  spirit-levels  are  mounted  on 
the  upi^er  plane  end  of  each,  and  adjusted  so  that  when  these  indicate  level  the 
axis  of  the  corresponding  cylinder  is  truly  vertical.  Mechanical  indicators  are 
also  provided  for  showing  when  the  cylinders  are  co-axial  and  when  the 
middle  planes  of  the  windings  on  the  fixed  and  suspended  cylinders  coincide. 
The  vertical  and  horizontal  adjustments  can  also  be  tested  by  electrical 
uiethoils  which  are  simple  and  very  accurate ;  these  were  adopted  in  the  final 
settings,  the  error  introiiuced  by  faulty  adjustment  amounting  to  something 
less  than  1  part  in  5  millions. 

Calculation  of  Mutual  Inductions  and  Forces  between  the  Coils, 
The  fonuula*  employeil  are  given  in  Professor  J.  V.  Jones'  paper,  mentioned 
on  p.  12,  and  were  employed  by  two  of  the  authors  (T.  M.  and  F.  E.  S.)  to 
calculate  iMrfr/»rm/e'w//y  the  mutual  inductions  and  the  forces  between  the 
tixeii  and  8U8i>ended  coils  when  a  current  of  1  ampere  circulates  in  them. 
The  values  of  M»— Mi,  defined  on  p.  12,  calculated  (a)  with  logarithms  and 
•Ji)  by  calculating  machine,  were  in  very  close  agreement,  the  difference  being 
less  than  1  in  a  million.  The  actual  numbers  are  2596202  cm.  and 
25902D4  cm.  resixK?tively  for  the  left-hand  set  of  coils,  and  2596045  cm.  and 
251UKV43  cm.  for  the  right-hand  set.  This  onier  of  accuracy  in  the  values  of 
the  oiH^ffioieut^  of  mutual  induction  is  rendereii  quite  real  by  a  knowledge  of 
the  oxaol  |Hvdtion  of  the  Ivir^  conductors  and  the  certainty  that  no  current 
leaks  fr\mi  one  oouvolution  of  wire  to  any  other.  In  both  cases  the  sum  for 
lH>th  sotjfi  of  cink  is  51922'47  cm.,  and  tliis  number  was  used  in  most  of  the 
dolorminalious. 

Takiiu;  the  value  of  y.  tln^  act^elemtion  of  gravity  at  Bushy,  as  981*20, 
anvl  the  length  of  wimling  on  ilie  sus^^nded  cylinders  as  12-9830  cm.,  the 
change  of  apjvat^ut  mass  on  n?>-ei^*l  of   1   ampere  in  both  sets  of  coils 

m  =  l4-9l*92it  gramme*. 
This  ASSumoBSt  that  no  fonx»s  exist  Ixnween  the  tixe^l  coils  on  one  side  of  the 
balAUCO  and  the  susi>endoti  one*  on  the  other  side.     As  a  matter  of  fact,  such 
forvvs  aw  i^w^ut.  but  OAn  lx>  elimin.^t^M  1»y  taking  two  sti*  of  railings,  one 
^^t  in  which  tlie  cn^ss  aotiousAs^s:  :i;odirtvt  one;S5  and  ihe  other  set  in  which 
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these  forces  oppose  each  other.  These  sets  give  what  we  have  called  (D  +  S) 
(dii-ect  +  secondary)  and  (D  — S)  observations  respectively.  The  change  from 
one  condition  to  the  other  is  effected  by  simply  reversing  the  direction  of 
current  in  all  the  coils  on  one  side  of  the  balance ;  this  leaves  the  direct 
forces  unchanged  in  direction  but  reverses  the  secondary  forces. 

In  the  majority  of  the  determinations  (D  +  S)  and  (D— S)  observations 
were  taken  in  succession  and  the  current  calculated  from  the  expression 

amperes  =  v^(m729-99856), 

where  m!  is  the  sum  of  the  balancing  masses  in  the  (D  -4-  S)  and  (D— S)  tests. 

Tests  on  Cadmium  Cells, 

To  determine  the  E.M.F.  of  a  cell,  an  electric  current  supplied  by  a 
110-volt  storage  battery  was  passed  through  a  standard  resistance  of  approxi- 
mately 1  ohm,  in  series  with  the  current  weigher,  and  adjusted  in  strength 
until  the  P.D.  between  the  terminals  of  the  resistance  balanced  the  E.M.F. 
of  the  celL  The  magnitude  of  this  current  was  then  determined  by  the 
instrument,  the  cell  and  the  resistance  being  kept  at  very  nearly  constant 
temperature  diuring  the  measurements.  Switches  with  copper  contacts  and 
terminals,  to  minimise  thermal  E.M.F.*s,  were  used  in  the  cell  circuit,  and 
reversals  of  current  and  of  the  cell  were  sometimes  made  to  eliminate 
inaccuracies  which  might  otherwise  be  introduced  by  such  E.M.F/s. 

As  the  steadiness  of  the  balance  was  much  greater  when  the  instrument 
was  cold  than  when  heated  by  the  long  continued  flow  of  the  current  in  the 
coils,  our  usual  procedure  was  to  make  one  complete  set  of  observations, 
(D  -h  S)  and  (D  —  S),  in  the  morning  and  another  in  the  afternoon.  The 
interval  between  the  morning  and  afternoon  readings  was  often  devoted 
to  silver  deposit  determinations,  the  combination  of  cell  and  standard 
resistance  being  used  as  a  secondary  standard  of  current  during  the 
depositions.  An  account  of  work  on  silver  is  well  advanced,  and  will  be 
published  shortly. 

In  all  some  71  observations  have  been  made  on  a  certain  cadmium  cell 
(N.P.L.,  Ko.  2),  using  both  sets  of  coils  on  the  balance,  and  13  observations 
in  which  one  or  other  of  the  two  sets  was  employed.  The  agreement 
between  the  individual  results  obtained  with  the  two  sets  of  coils  is  remark- 
able, the  average  difference  from  the  mean  amounting  to  only  six  parts  in 
a  million.  The  whole  series  of  observations  extended  over  a  period  of 
19  months  (September,  1905,  to  April,  1907),  and  during  that  interval  the 
coUs  of  the  balance  were  reset  five  times.  No  determination  made  has  been 
omitted,  except  those  in  which  the  observations  were  of  such  a  nature  that 
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ft  iUuiimou  Ui  iliMre^ard  the  result  was  arriverl  at  before  its  computation. 
HiMih  (HUiOHWUH  w(5n5  very  rare. 

Of  tint  71  olmervations  made,  7  are  within  1  in  a  million  of  the  mean,  14 
itrn  within  2,  28  within  5,  53  within  10,  66  within  15,  and  70  within  20  in 
fi  million. 

Only  I  (hitoririinution  out  of  the  whole  71,  and  this  one  of  the  earliest, 
illffiirM  from  th«  moan  by  ho  much  as  1  part  in  59,000. 

Tli«  iihovo  fiictM  coiiHtitute  important  evidence  of  constancy  in  both  cell 
and  balancfo.  In  fact,  both  current  weigher  and  cell  proved  to  be  much 
ninro  oouNtant  and  truHtworthy  than  the  standard  resistance,  although  the 
latUir  wiw  vory  carefully  made  and  annealed  with  a  view  to  ensuring 
imrnuuuMicy. 

KxprtwHod  in  U^rms  of  the  international  ohm,  as  realised  at  the  National 
PhyNltml  lAlwrnitory,  and  of  the  ampere  as  given  by  the  new  ciuTent  weigher, 
tho  vahut  ut  i)  x  U  for  the  normal  Weston  cadmium  cell  is 

1-018305  at  17^  C. 

Thin  iuuiumo»  that  tlio  value  of  g  at  Bushy  is  98119,  a  number  probably 
(HtrrtH^t  to  within  8  jmrta  in  100,000.  An  uncertainty  of  this  amount  in 
y  iutiHHhuHMi  a  piMiaiblo  error  of  1^  parts  in  100,000  in  the  value  of  the 
am)H^n\  and,  uh  all  otlior  prol)able  errors  are  smaller  in  magnitude,  it  is 
iiu)HU'Unt  UiHt  a  moro  accurate  determination  of  ^  at  Bushy  should  be  made. 

1\»  i^Hiline  the  volt  with  an  aoeuraey  approaching  that  of  the  ampere  as 
now  known,  it  18  utHH'CtHary  that  an  absolute  determination  of  resistance  of 
\HU'rt^)H\iuUn>r  priHUsidon  l^  undertaken.  At  the  present  time  the  uncer- 
UdwXy  \\\  the  al^siJute  value  of  the  international  ohm  approximates  to  4  parts 
in  UUHHK 

Kt\uu  the  aUwe  value  of  I'  x  R  Uvc  the  cadmium  cell,  together  with  the 
mtio  \4r  Clark  to  cadmium,  vuu : — 

Clark  at  l;V"  O.  -^  eailmixmi  at  l?^  C  =  1*40(W 
the  K\M.K.  of  the  Clark  c^ll  at  K^^'  l^\>me«? 

1432> 

IN^v  AjH^uUcw  acwHujwiy  (he  i^iiiw:  one  of  theoe  gines  the  numerical 
v^^fee^  v^  the  wniOaul^  iu  the  ;$^>rtei»  tv^r  o^lcttlating  F  and  E.  ch«  complete 
elK)4ic  ml^^cwk  v>f  the  tirrt  auvl  ;ww>ikI  kirKk  nsi^peccivelT :  the  other  rriaces 
K^  ihe  v\^mivtK«#  lit  the  k>«v>»  U^wwn  tb^  cvub  of  the  hiUziic^  aii$ing 
t>\w  5he  ftifct^  thjckite«»  v>f  the  win?  tt»L  dUKl  frv>m  the  6irt  (has  helices 
ar^  ^b^oi^u:^  iXY  ciurteac  ^heeftk     Neither  of  th«e  cv«eciszoc$  aS^:(s  th^ 

$v.«fce  ^W50«cal  tt^«t!^  Jtf^  Jtvw  ia  di.?  j^apfr 
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On  Luminous  Efficiency  and  the  Mechanical  Equivalent  of  Light. 
By  Charles  V.  Drysdale,  D.Sc. 

(Communicated  by  Silvanus  P.  Thompson,  D.Sc,  F.R.S.    Received  Jime  8,  1907.) 

(Abstract.) 

The  determination  of  the  efficiency  of  various  fgrms  of  illuminants,  and  of 
the  power  expended  in  light  production,  does  not  appear  to  have  received  the 
attention  it  deserves  in  this  country,  nor  have  the  labours  of  workers  in 
Germany  and  in  the  United  States  as  yet  sufficed  to  permit  of  definite 
values  being  adopted  for  luminous  efficiencies,  or  for  the  mechanical 
equivalent  of  light.  In  what  follows,  an  account  of  some  observations 
made  by  Mr.  A.  C.  JoUey  and  the  writer,  with  the  object  of  determining  the 
mechanical  equivalent  of  light,  will  be  given.  For  this  purpose  an  attempt 
was  first  made  to  find  the  luminous  efficiencies  and  total  consumption  of 
some  of  the  newer  highly  incandescent  electric  lamps ;  and  this  was  followed 
by  a  direct  determination  by  a  bolometer  in  the  spectrunL 

I.  Luminous  Efficiency, 
Let  Q  be  the  total  power  consumption  of  a  source. 

R  the  "  total  radiation  "  =  1    l^d\  the  remaining  power,  Q  —  R  being 

Jo 
dissipated  by  conduction  or  convection. 

L  the  "  luminous  radiation  "  =  j  l^dX,  where  Xi  and  X^  are  the  limits  of 
the  visible  spectrum,  say,  0*39  /a  and  0*76  /a,  respectively. 

L^  the  "  equivalent  luminous  radiation  "  =     icj^yd\  where  k.  is  a  factor 

Jo 
which  is  proportional  to  the  luminosity  and  taken  to  be  unity  for  a 

wave-length  of  0*54  /a,  which  is  that  of  maximum  luminous  utilisa- 
tion of  energy. 

Then  the  "  luminous  efficiency  "  in  its  ordinary  acceptation  is  17  =  L/Q. 
This  is  the  quantity  which  is  called  by  Nichols*  the  **  total  efficiency." 
Methods  which  take  no  account  of  conduction  or  convection  losses  seek  to 
determine  the  ratio  17^  =  L/R,  which  Nichols  terms  the  "  radiant  efficiency." 
Lastly,  a  suggestion  of  Dr.  Guilleaume'sf  leads  to  a  new  definition,  17^  =  L^/Q, 
which  might  be  termed  the  "  reduced  luminous  efficiency,"  as  it  is  reduced 
in  terms  of  the  standard  monochromatic  light.     It  is  obvious  that  while 

♦  *Phy8.  Rev.,'  vol.  17,  p.  267. 
t  *  Soc.  Int.  Elec.,'  Bull.  V,  pp.  36a-400. 
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with  the  ordinary  definition  a  source  would  have  unit  efficiency  if  L  =  Q,  or 
the  whole  of  the  energy  were  within  the  spectrum,  and  might  yet  be  a  very 
ineffective  source  as  an  illuminant  if  its  radiation  were  confined  to  near  the 
ends  of  the  visible  spectrum ;  Dr.  Guilleaume's  definition  would  only 
lead  to  unit  efficiency  in  the  case  of  a  monochromatic  source  of  wave- 
length 0*54 /x. 

II.  Measwrement  of  tlie  Mechanical  Equivalent  of  Light, 
The  most  direct  mode  of  procedure  is  obviously  to  allow  a  beam  of  light  of 
any  required  quality  to  fall  simultaneously  on  some  form  of  radiometer  and 
a  photometer ;  and  to  compare  the  indication  of  the  radiometer  with  that 
obtained  from  a  known  source  of  radiation  at  a  given  distance.  As  nearly 
all  devices  for  measuring  low  intensities  or'  radiation  are  liable  to  trouble- 
some variations,  it  is  of  the  greatest  importance  that  the  compai^ison 
between  the  radiation  in  the  beam  under  test,  and  the  known  radiation, 
should  be  effected  as  quickly  and  easily  as  possible,  and  with  the  minimum 
of  disturbance. 

Fig.  1  shows  the  arrangement  of  apparatus  adopted  after  consideration  of 
the  above  points.  A  small  intense  source  of  light  such  as  an  arc  or  Nernst 
filament  was  employed,  in  conjunction  with  a  lens,  L,  and  carbon  bisulphide 
prism,  P,  to  form  an  approximately  pure  spectrum  at  the  photometer  and 
radiometer  box,  B.  By  using  a  narrow  slit  an  approximately  monochromatic 
light  of  any  required  wave-length  could  be  projected  on  to  the  photometer, 
while  by  widening  the  slit  a  band  of  any  width  up  to  the  entire  limits  of  the 
visible  spectrum  could  be  employed,  the  integration  being  automatically 
performed  without  any  other  collecting  device.  The  known  source  of 
radiation  consisted  of  a  glow  lamp  which  will  be  referred  to  as  the  "  com- 
parison lamp,"  C.L.,  placed  close  to  the  prism  (in  some  cases  beneath  it,  so 
that  both  were  approximately  on  the  axis  of  the  bench).  A  standard  glow 
lamp,  S.L.,  was  kept  continuously  burning  on  the  other  side  of  the  photo- 
meter box,  B.  A  fixed  screen,  S,  with  an  aperture,  served  to  block  off 
all  radiation  but  that  from  the  prism,  P,  or  comparison  lamp,  C.L.,  while 
a  sliding  metal  screen,  S',  actuated  by  a  cord,  could  be  rapidly  moved  in 
front  of  one  or  the  other.  In  taking  the  readings  the  light  from  the  prism 
was  allowed  to  fall  on  the  bolometer,  and  the  current  through  the  comparison 
lamp  varied  until  on  moving  the  screen,  S',  in  front  of  P  or  C.L.  alternately, 
no  change  could  be  noticed.  In  this  way  all  disturbances  due  to  external 
changes  of  temperature  could  be  eliminated,  and  the  observations  were  much 
more  rapidly  obtained  than  by  waiting  for  slow  deflections. 

A  glow  lamp  was  used  as  the  standard  source  of  radiation  for  the  following 
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reasons :  (a)  The  total  power  is  easily  measured  by  tlie  P.D.  and  current, 
and  can  be  readily  regulated ;  (h)  the  ratio  of  convection  and  conduction  to 
radiation  is  very  small,  owing  to  the  high  temperature  of  the  filament. 
These  advantages  render  the  glow  lamp  immeasurably  superior  to  low 
temperature  sources  such  as  employed  by  Thomsen  and  others.  On  the 
other  hand  the  radiation  is  not  uniformly  distributed.  But  this  diflSculty 
can  be  overcome  by  determining  once  for  all  the  relation  of  the  intensity 
in  any  given  direction  to  the  mean  spherical  emission,  and  this  may  con- 
veniently be  determined  photometrically. 

The  photometer  employed  was  of  a  special  form  devised  by  the  writer  for 

ordinary   and   heterochromatic   measurement.      It  consists   simply   of    two 

totally  reflecting  right-angled  prisms,  mounted  with  their  edges  in  contact. 

When  this  combination  is  set  up  between  two  lamps,  the  light  from  each  is 

reflected  forwards,  and  can  be  received  on  a  screen  placed  in  contact  with 

the   front  face  of  the  prism.    This  screen  may  be  simply  of  translucent 

paper,  or  opal  glass,  in  which  case  the  appearance  is  identical  with  that  of 

the  Joly  paraffin   block  photometer;   or  in  the  form  of  a   discrimination 

<iiagram  which  serves  for  heterochromatic  work.     This  diagram  is  made  up 

of  letters  and  reticulations  of  different  sizes,  and  both  on  light  and  dark 

1)ackground8,    the    letters     and     designs     being     absolutely    symmetrical. 

Tiie  advantages  of  this  arrangement  are,  briefly,  that  it  sei-ves  either  for 

isochromatic  or  heterochromatic  photometry;  it  is  absolutely  symmetrical; 

:it  is  not  affected  as  are  the  wedge  photometers  by  a  slight  inclination  to  the 

«ULi8  of  the  photometer   bench;  it   forms  a  very   sensitive  cross  staff  for 

indicating  whether  the  lamps  and  the  photometer  are  in  line,  and  whether 

'^here  is  any  inclination  to  the  axis ;  and,  lastly,  it  permits  any  portion  of 

^  spectrum  to  be  brought  exactly  to  the  dividing  line  so  that  the  comparison 

:Knay  be  made  with  a  fairly  short  spectrum  on  one  side. 

For  the  measurement  of  the  energy  a  pair  of  thermo-junctions  on  the 
Xines  employed  by  Professor  F^ry*  was  at  first  made  up,  but  was  found 
insufficiently  sensitive.  They  were  therefore  replaced  by  a  bolometer, 
x^hich  was  made  of  50  cm.  of  2-mil  copper  wire  wound  backwards  and 
forwards  on  a  mica  frame,  and  had  a  resistance  of  about  7*5  ohms.  Two 
^uch  bolometers  were  made  and  mounted  in  the  same  case  with  the  photo- 
Xneter  prisms,  the  centre  of  the  bolometer  being  carefully  adjusted  to  be 
cDver  the  edge  of  the  prisms  so  as  to  be  in  the  part  of  the  spectrum  under 
I^hotometric  examination.  To  protect  the  bolometers  irom  draughts  the  two 
^nds  of  the  box  and  the  observing  window  were  covered  with  quarter-wave 
xnica  sheets.  The  two  bolometers  were  separated  by  an  asbestos  screen,  and 
♦  *' Bajonnement  Calorifique  et  Lumineux,"  Theses,  Pftris,  S6rie  A,  No.  1111. 
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were  connected  to  three  terniinalB  on  the  top  of  the  box,  from  whence  three 
flexible  conductors  were  taken  to  a  Carey-Foster  bridge.  By  having  the 
two  bolometers,  changes  of  the  air  temperature  are  of  less  importance, 
and  the  whole  photometric  and  radiometric  arrangement  is  reversible. 
The  ratio  coils  were  of  10  ohms  each,  and  a  moving  coil  galvanometer 
having  a  resistance  of  7*5  ohms  and  a  sensitiveness  of  22  mm.  per  microvolt 
was  employed.  The  current  in  each  of  the  bolometer  grids  was  from  0*04  to 
0*1  ampere. 

In  taking  the  readings  the  photometer  head  was  first  fixed  in  the  middle 
of  the  bench,  and  the  spectrum  moved  until  the  required  colour  appeared 
at  the  dividing  edge  between  the  prisms.  The  standard  lamp  was  then 
brought  up  and  balance  obtained  at  a  distance,  (/,  from  the  photometer.  Next, 
the  comparison  lamp  was  regulated  as  above  indicated,  until  the  heat 
balance  was  obtained,  the  comparison  lamp  being  at  a  distance,  D,  and 
supplied  with  power,  W,  watts.  Then,  on  the  assumption  that  the  heat  f i-om 
the  comparison  lamp  was  radiated  equally  in  all  directions,  we  have : — 
Intensity    of   radiation    at  bolometer  p  =  rW/4irD^    watts    per    square 

centimetre,  where  r  is  the  ratio  of  radiation  to  total  power. 
Intensity  of   illumination  of   beam  I  =/K/flP,  where  K  is  the  candle- 
power  of  the  standard  lamp,  and  /  the  ratio  of  the  illumination  in  the 
direction  of  the  beam  to  the  average  illumination. 

Hence,  the  mechanical  equivalent  of  light  M  =  -j^  =  ~W7\T\)  '  8^^'^^S 

the  mechanical  equivalent  in  watts  per  candle. 

A  carel'ul  determination  of  the  candle  power  of  the  comparison  lamp 
in  various  directions,  when  kept  at  a  constant  P.D.,  was  made  by 
Mr.  Jolley,  resulting,  for  the  horizontal  direction,  in  a  reduction  factor  of 
0*862,  agreeing  very  well  with  the  0865  given  by  Paterson. 

For  the  direction  in  which  the  radiation  was  measured  the  value  of  the 
factor  was  found  to  be  0*78. 

The  amount  of  heat  lost  by  convection  was  estimated  experimentally 
by  measuring  the  amount  of  heat  communicated  to  a  suitable  calori- 
meter by  the  warm  air  rising  from  the  glow  lamp.  It  was  found  that 
the  convection  loss  was  not  more  than  2  or  3  per  cent,  which  could  be 
neglected  in  view  of  the  accuracy  which  could  be  obtained. 

The  greater  number  of  the  observations  were  made  in  the  yellow-green, 
which  were  judged  by  eye  to  be  in  the  neighbourhood  of  X  =  0*54 /x  pi-oposed 
by  Guilleaume.  Having  regard  to  the  fact  that  the  mounting  hardly 
justified  accurate  determinations  of  wave-length ;  that  the  point  \  =  0*54  /x 
can  hardly  be  said  to  have  been  definitely  determined  as  the  point  of  maximum 
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efficiency  ;  that  in  the  region  of  maximum  efficiency  the  variation  would  not 
probably  be  great,  as  was  confirmed  by  test ;  and  lastly,  that  in  order  to  avoid 
trouble,  owing  to  the  Purkinje  effect,  it  was  considered  advisable  to  work  at 
illuminations  not  exceeding  two  or  three  candle-feet,  in  which  case  the 
sensitiveness  was  not  very  great,  it  was  considered  superfluous  to  determiue 
the  wave-length  with  greater  accuracy.  It  may  be  said  that  the  sensi- 
tiveness of  the  arrangement  seemed  to  allow  of  the  definite  detection  of 
half  a  watt  at  a  distance  of  about  2  metres. 

In  making  determinations  on  white  light,  the  slit  was  broadened  con- 
siderably, and  by  covering  it  up  from  each  side  successively,  it  could  be 
adjusted  so  that  light  passing  one  edge  of  the  slit  gave  a  very  dark  red  light 
on  the  photometer  screen,  while  that  from  the  other  edge  gave  a  deep  violet 
light  on  it.  In  this  case  the  result  produced  by  the  whole  slit  was  of  a  pure 
white  light,  from  which  all  the  invisible  radiation  was  cut  off,  instead  of 
being  only  cut  ofif  from  one  end,  as  in  the  experiments  of  Angstrom.* 

A  number  of  preliminary  observations  were  taken  with  arc  and  Nernst 
lamps  as  sources  of  light,  and  reversing  the  photometer  box,  etc.  Con- 
siderable trouble  was,  however,  found  with  drifting  of  the  galvanometer,  and 
this  was  traced  to  the  presence  of  the  observer.  The  mean  result,  however, 
from  24  observations  was  0*08  watts  per  candle  power.  After  this  the 
whole  of  the  apparatus  was  removed,  the  photometer  bench,  sliding  screen, 
etc.,  being  set  up  in  a  dark  room,  through  the  wall  of  which  an  aperture  was 
made  for  the  projection  of  the  spectrum,  and  a  second  small  aperture  for 
the  observation  of  the  photometer.  In  this  way  the  whole  of  the  observations 
could  be  taken  without  entering  the  room,  and  the  readings  were  much  more 
satisfactory. 

The  results  obtained  are  collected  in  Table  I. 

The  final  result  of  about  012  watt  per  candle  power  for  the  white  light 
from  the  Nemst  filament  agrees  almost  exactly  with  the  value  found  by 
Angstrom  for  the  Hefner  lamps.  Thomsen  and  Tumlirz  both  used  absorption 
methods,  and  little  value  can  be  attached  to  their  results.  Other  values  can 
be  deduced  from  investigations  on  the  efficiencies  of  illuminants,  but  these 
values  range  from  00011  to  0*0289  watt  per  candle  found  by  Wedding,  and 
0*02  to  0*39  by  Riissner,  to  019  to  0*49  watt  per  candle  from  the  results  of 
Merritt. 

The  lower  value  of  008  watt  per  candle  found  in  the  present  tests  for 

*  In  Angstrom's  experiments  the  glass  in  the  lenses,  etc.,  employed  would  probably 
have  cut  off  the  major  part  of  the  ultra-violet  radiation,  and  the  energy  in  the  ultra- 
violet is  generally  very  small  for  ordinary  sources  of  light  Hence  probably  the  agree- 
ment with  our  results. 
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white  light  from  the  arc  is  probably  due  to  the  higher  temperature  of  the 
source.  Pending  more  exact  determinations,  therefore,  it  may  be  assumed 
that  an  ideal  source  of  white  light  should  give  us  about  10  candles  per  watt, 
and  a  monochromatic  yellow-green  source  nearly  17  candles  per  watt. 


Table  I. — Observations  on  the  Mechanical  Equivalent  of  Light. 


Standard  lamp. 

Comparison  lamp. 

Difltanoe, 

Oandle 

power, 

K. 

Distance, 
D. 

Current, 
amperes. 

P.D., 

ToltS. 

Watts, 
W. 

Meclianioal 
equivalent, 

^  =  6-78l(i)) 


80-0 
80-0 
70-6 
78-0 
78  0 
78  0 
86-0 
76-8 
7876-8 
76-8 
57-4 
121-0 


140  0 
86  0 


76  1 
76-0 
89-6 
89*6 


(a)  Light  approximately  monochromatic,  yellow-green. 


24*6 

116-7 

0-145 

81-8 

24-5 

166-7 

0-18 

29-0 

24-5 

166-6 

015 

32-6 

20-6 

166-5 

0-146 

81-8 

20-6 

166-5 

0-16 

34-5 

24-5 

165-6 

0-17 

36-2 

24*6 

166-5 

0-16 

82-4 

24-6 

166-5 

0-166 

38-2 

20-6 

165-6 

0-145 

31-6 

24-5 

165-6 

0-16 

32-2 

24-6 

166-5 

0-28 

46-0 

24-5 

166-5 

0-095 

22-2 

16-0 
18-0 


16-0 
16-0 
24-6 
24-6 


4-61 

8-77 

4-9 

4-48 

6-52 

6-16 

4-86 

6  16 

4-68 

4-83 

9-9 

2-11 

Mean   .. 


(b)  White  light  from  wide  slit. 


206-0 
263-0 


0-115 
0-225 


263-6 

0-23 

263-6 

0-25 

166-6 

0-16 

166-5 

0-16 

26-8 
47-0 


47-5 
60-5 
34-4 
34-4 


3-08 
16-6 

Mean 

10-9 

12-6 

6-6 

6-6 

Mean 


0-0566 
0-0466 
0-0468 
0-0620 
0-0765 
0-0716 
0-0670 
0-0673 
0-0605 
0-0536 
0-0622 
0-0590 

0*0598 


0-127   1  Nemst 
0-1115  J  filament 


0  -1193 

0-073  T 
0-082 
0-0886 
0  0836 J 

0-0805 


JArc 
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On  the  Srirfa-cx^'temion  of  Liquids  investigated  hy  the  Method  of 

Jet  Vibration. 
By  P.  ().  Pederskn,  Copenhagen. 

(Communioated  by  Lonl  Rayleigh,  P.RS.     Received  June  11, — Read  June  27, 

1907.) 

(Abstract) 

1.  Accortiing  to  Lord  Rayleigh 'a  theory*  of  jet- vibrations,  measurement 
of  the  longth  of  the  standing  waves  and  the  velocity  and  cross-section  of  a 
jet  togethor  with  the  density  of  the  liquid,  affords  the  necessary  constants  for 
the  oalculatiou  of  the  surface-tension.  ' 

Notwithstanding  Uie  great  fundamental  advantages  of  this  method,  it  has 
only  Inseu  usinl  in  very  few  cases,  and  only  for  relative  measurements  of  the 

•urface-tensiou^t 

The  explanation  hereof  is  to  be  found  in  the  great  difficulties  connected 
with  tlH>  adequate  exact  determination  of  the  wave-length,  and  croes-section 
or  velocity  of  tiie  jet..  As  none  of  the  methods  in  use  for  the  measurement 
of  thoee  quantities  could  K^  taken  as  satisfactory,  the  main  object  of  this 
invealigation  has  been  to  work  out  really  good  methods  for  them. 

2.  The  ilet^rmiuation  of  the  crciss^^eciion  of  the  jet  is  accomplished  in  the 
&>Uowiiig  manner: — To  the  lower  end  of  a  pendulum  is  connected  an 
api^tattia^  the  *^  jet -catcher,"  consisting  of  two  parallel  vessels  with 
irctangular  oi^aiings,  the  short  sides  of  which  are  cutting-edgea  The  two 
v<099els  ai>e  parallel  to  the  horitt>ntal  jet  and  symmetrical  to  each  other  with 
rc^saivl  to  a  i^lane  ihi»ai!h  the  axis  of  the  pendulum.  When  this  is  oscillating 
the  jet'<MilcheT  is  culling  pieces  out  of  the  horixontal  jet..  Fwim  the  weight 
ainl  the  length  of  tl^ose  pieces  ^  cut  out ''  the  cross-giection  of  the  jet  is 
oakuUtcd. 

Tlie  difRMvnt  ^owrces;  of  errors  are  discussed,  and  ii  is  shown  thai  it  is  easy 
K>  obtain  very  reliable  resailts  by  ihis  nieihod.  For  a  water-jet,  velocity 
2TS1  om,  per  second,  diamelw  =  CrKvllo  cm^  the  nxian  error  in  tibe 
DMiasiaTei)  csivi5?^*scction  lias  lieen  deaermined  lo  014  j-«ej  cent. 

The  x-eliVatT  of  the  jei  is  calc^iLuscHi  as  the  ratio  between  the  dischai^  and 
tihe  cT*i«>-.section. 

S,  l>i>lticlj*fln  of  liw  desdred  i^^iaijan  frcon  the  cylindricial  fi-am  of  a  jet : — 

♦  IjwI  lUyk^i^K  •  Rf'V.  Sw.  TVfv:^*  v^il.  eft.  p,  71.  IfTft. 

*  F,  ruvmrd,  •  Aivli.  a  Sru  jil>^  «  wa  .  T.^k  vol.  5A.  p.  ^61.  1<W  :  i^.  ^eyer,  *  Vied. 
AmiJ*  v^.  aft.  p.  MSL  ISW... 
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In  tlie  paper  is  shown  the  importance  of  the  jet  only  executing  one  single 

vibration,  as  in  other  cases  the  determination  of  the  wave-length  is  difficult 

&nd    becomes  inaccurate.     In  the  measurements  that,  up  to  now,  have  been 

made  with  this  method,  only  little  attention  has  been  paid  to  this  condition. 

I  li£LTe  succeeded  in  making  some  orifices  so  exact,  that  jets  issuing  from  them 

praotically  only  execute  one  vibration. 

4.  The  influence  of  the  amplitude  on  the  period  of  vibration  has  been 
inAT^stigated,  and  it  is  siiownthat  only  for  very  small  amplitudes  is  the  period 
independent  of  the  amplitude. 

S-  The  determination  of  the  wave-length  is  very  difficult.  By  all  the 
pre^v^ous  measurements  it  is  determined  as  the  distance  between  the  summits 
of  "fclie  jet,  and  the  determination  has  taken  place  by  direct  measurement 
either  on  the  jet  itself  or  on  a  photograph  of  it.  As  the  amplitude  of 
the  >ribration  must  be  small,  this  method  is  very  unsatisfactory,  and  cannot 
give  good  results.  An  exact  determination  of  the  wave-length  can  be  made 
by  using  the  jet  itself  as  an  optical,  image-forming  system.  The  following 
method  was  found  to  be  very  convenient: — ^The  jet  is  illuminated  from  a 
parallel,  linear,  incandescent  lamp,  and  the  twice  refracted  and  once 
r^fleoted  rays  form  an  image  of  the  lamp  on  a  photographic  plate  (com- 
pare the  theory  of  the  rainbow).  If  the  jet  is  cylindrical,  the  image  will 
^  €t  straight  line,  but  for  a  jet  with  standing- waves  the  image  will  be  wave- 
^ke.  And  as  the  amplitude  of  the  image  is  much  larger  than  that  of  the  jet, 
^t  13  much  easier  to  measure  the  wave-length  on  the  image  than  on  the  jet 
itself. 

6.  Results. — ^The  surface-tension  of  the  following  liquids  has  been 
determined  :— 

Water  (Tieo c.  =  7430  dyn./cm.). 
Toluol  (Ti6oc.  =  28-76        „       ). 
Aniline  (T150  c.  =  43*00        „       ). 
3  aqueous  solutions  of  NHg. 
1       „       solution  of  CuSOi. 
1        „  „         H2SO4. 

15        „       solutions  of  alcohol. 

"^or  the  three  first  named  the  results  are  given  above. 
•  •    Used  in  tliis  manner  the  jet  method  gives  very  consistent  results,  and 
^  highly  deserving  of  use  in  the  future  on  account  of  its  great  fundamental 
^^antages. 
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The  Dispersion  of  Double  Hefractioii  in  Relation  to  Crystal 

Structure. 

By  T.  H.  Havklock.  M.A.,  D.Sc,  Fellow  of  St.  John's  College,  Cambridge, 
Looturer  in  Applied  Mathematics  in  Armstrong  Collie,  Newcastle- 
on-T)'ne. 

(Communieateil  by  Professor  J.  Larmor,  Sec.  R.S.     ReceiTed  July  5,  1907.) 

Ill  a  previous  oommunication,*  the  writer  discussed  the  double  refraction 
of  a  medium  com)K>seil  of  similar  jvarticles  arrangeii  in  rectangular  order,  the 
r€«ults  l>eing  applieil  especially  to  the  ettects  produced  in  colloidal  solutions 
by  meolumieal  stress  and  by  a  magnetic  field;  the  present  paper  is  the 
discussion  of  a  similar  problem,  using  a  simpler  method  of  procedure 
sugg««l4?d  by  lVofee»i>r  Larmor.t  The  object  is  to  investigate  to  what  extent 
it  b  )>o^ble  to  consider  double  refraction,  whether  produced  artificially  or 
\)oeurriug  in  natural  cryst^s,  as  due  simply  to  an  ieolotropic  distribution  of 
similar  particles ;  the  v^uestions  which  arise  when  one  considers  whether  the 
*olotropy  occurs  naturally  or  is  pnxlucevl  by  the  action  of  mechanical, 
electric,  or  magnetic  force  are  not  specially  considered,  but  the  various  cases 
are  classified  in  the  first  section. 

In  the  next  sections  we  consivler  a  medium  composed  of  a  homogeneous 
assemblage  of  optically  isotropic  molecules  and  obtain  an  expression  giving 
the  dispersion  of  the  double  refraction.  This  is  appUed  first  to  artificial 
double  refraction  pnxluced  by  mechanical  stress  and  by  an  electric  field ; 
then  on  the  same  basis  the  dispersion  in  quartz  is  examined.  Certain 
divergences  in  natural  crystals  and  especially  such  anomalous  cases  as 
atK^pljylite  and  vesuvian  lead  to  an  extension  ot'  the  theory.  This  is,  briefiy, 
an  ;eolutropic  v.lid^ribution  of  optically  *olotropic  molecules,  each  of  which 
dispenses  regularly  ;  it  is  examiueil  first  in  relation  to  uniaxal  crystals  and 
finally  in  general  tor  biaxal  cry^stals,  and  is  found  to  contain  the  pjssibility 
of  all  the  varieties  ^d  dispersion  or  double  refraction  which  occur  in  natural 
crystak. 

I.    TluvrUs  'jf  IkfubU  K'  n'".''tiofi. 

The  ordiuiiTv  theory  ..if  double  refricc:t»n.  in  so  t':ir  as  it  is  molecular, 
amounts  to  eousideriuu  the  medium  as  a  -ollecciou  of  cry«>tdl  m<.4ecules  in 
cubical  onler,  all  the  varieties  of  distH^r^iou  l.>eing  {.^.^stuijited  ot  the  sinszle 
particle.    Thu;!^  wich  the  principal  ox'is  d^^  co-*.u-«iinate  axes,  ii  {fi,jij^fi,  l?e  the 

♦  •  Iii»y.  Soc.  Pr»x-.,   A,  vol.  77,  p.  170,   190b\ 

*  Loc.  •-•/..  p.  l!?0. 
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polarisation  of   a  typical  particle  at  which  the  effective  electric   force  is 
(Xi,  Yi,  Zi),  we  have  equations  of  the  form 

^  +  ^1  =  «X,. 

^+hVH=aZ,.  (1) 

These  equations  mean  that  the  seolotropy  is  assumed  to  originate  wholly  in 
the  indi^ddual  crystal  molecule,  and  that  it  affects  the  quasi-elastic  force 
under  which  the  polarisation  electrons  are  supposed  to  vibrate. 

The  same  method  has  usually  been  followed  in  attempts  to  apply  electron 
theory  to  the  double  refraction  due  to  mechanical  stress. 

If  we  consider  the  equations  for  an  isotropic  medium,  similar  to  (1)  but 
with  a  single  constant  A,  then  Voigt*  assumes  that  k  is  altered  by  amoimts  pro- 
portional to  the  stresses  in  the  medium ;  this  is  a  direct  effect  on  the  internal 
forces  of  the  molecule,  while  on  the  other  hand  a  theory  which  confines  the 
effect  to  a  rearrangement  of  the  molecules  in  space  will  express  the  result 
by  a  modification  of  the  effective  force  (Xi,  Yi,  Zi)  in  the  previous  equations. 

The  latter  theory  app'ears  to  comprise  the  double  refraction  effects  obtained 
by  Majorana  by  placing  certain  colloidal  solutions  in  a  magnetic  field.  These 
effects  appear  to  be  quite  distinct  from  those  involved  in  the  Zeemann  effect. 
The  double  refraction  obtained  in  the  latter  way  is  explained  by  a  direct 
action  of  the  magnetic  field  on  the  vibrating  electron,  and  a  result  of  the 
theory  is  that  the  extraordinary  and  ordinary  indices  both  differ  from  the 
index  of  the  isotropic  medium  under  no  magnetic  action;  the  variation  of 
the  two  indices  is  in  the  same  direction,  one  being  three  times  the  other,  and 
the  difference  varies  inversely  as  the  cube  of  the  wave-length. 

In  the  Majorana  effect,  on  the  other  hand,  the  variations  of  the  two 
indices  are  in  opposite  directions,  one  being  approximately  twice  the  other. 

The  same  distinction  occurs  in  the  theory  of  the  KeiT  effect,  that  is,  of 

double  refraction  produced  by  an  electric  field.      Voigtf  has  extended   his 

theory  of  the  Zeemann  effect  to  cover  an  analogous  effect  by  an  electric  field, 

the  results  being  of  the  same  character.     Now  Kerr's  experiments  appeared 

to  prove  that  only  the  index  for  vibrations  parallel  to  the  field  was  altered  ; 

however,  in  some  recent  experiments,  AeckerleinJ  claims  to  have  observed  in 

♦  Voigt,  *  Annalen  der  Physik,'  vol.  6,  p.  461,  1901. 
t  Voigt, '  Annalen  der  Physik,'  vol.  4,  p.  197,  1901. 

X  Aeckerlein,  *  Physikalische  Zeitschrift,'  vol.  7,  p.  594,  1906  ;  also  Voigt,  ihid,^  p.  811, 
1906. 
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certain  liquids  a  change  in  both  indices,  the  variations  being  in  opposite 
senses  and  one  apparently  twice  the  other.  It  is,  of  course,  possible  that 
there  may  be  some  direct  effect  of  the  electric  field  upon  the  periods  of  the 
electrons,  in  addition  to  a  merely  mechanical  effect  of  rearrangement  of 
molecules. 

For  the  present  we  are  concerned  more  with  working  out  the  possibilities 
of  the  latter  supposition  ;  that  is  to  say,  although  Cauchy's  theory  of  optical 
dispersion,  as  caused  by  simple  discreteness  of  the  medium,  was  insufficient^ 
to  account  for  ordinary  dispersion,  it  is  suggested  that  it  may  be  capable  oE 
application  to  the  differences  of  dispersion  occurring  in  different  directions  in^ 
a  doubly  refracting  medium. 

2.  Optical  Properties  of  a  Homogeneous  AssemUage  of  Isotropic  Molecules. 

In  a  dielectric  medium,  if  we  write  (X,  Y,  Z)  for  the  electric  force,  (a,  /8, 7)  - 
for  the  magnetic  force,  and  (/,  g,  h)  for  the  total  electric  displacement,  we  have 
the  usual  equations 

curl  (a,  A  7)  =  —  g^  (/  9>  *)» 

curl(X,Y,Z)=-i|(«,A7>  (2) 

The  total  displacement  (fg,h)  is  given  by  equations  of  the  form 

/a  =  Na/a',  (3) 

where /a'  refers  to  the  polarisation  of  a  typical  particle  and  Na  is  the  number 
of  such  per  unit  volume. 
For  /a  we  have  an  equation 

^i+hVk  =  «aXa,  (4) 

where  Xa  is  the  component  of  effective  electric  intensity  considered  as  acting 
on  the  given  particle. 

The  determination  of  the  mean  value  of  Xa  is  the  problem  in  question,  and 
in  particular,  the  estimation  of  the  influence  of  neighbouring  particles. 

In  the  ordinary  procedure,  we  consider  round  the  given  particle  a  sphere 
whose  radius  E  is  small  compared  with  the  wave-length  of  the  radiation 
crossing  the  medium,  but  such  that  it  contains  a  large  number  of  particles ; 
then  we  evaluate  separately  the  influence  of  the  particles  outside  and  within 
this  spherical  region. 
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The  first  part  is  taken  to  be  the  force  within  a  spherical  cavity  cut  in  a 
medium  uniformly  polarised  to  the  value  at  the  point  in  question  of  the 
vector 

(•'-a'^'  '-s^''  '-i^y 

this,  then,  contributes  a  force 

The  second  part  is  due  to  the  average  effect  of  the  immediately  neighbour- 
ing particles  within  the  sphere  R,  and  is  generally  written  as 

47r  (siI/h,  82tghy  SzthX 
where  5i,  sa,  S3  are  constants  depending  upon  the  arrangement  of  the  particles. 
For  a  simple  cubical  arrangement,  we  take  the  s-constants  to  be  all  zero ; 
thus,  as   in  the  similar  argument   in  the  case  of  liquids,  we  are  able  to 
eliminate  the  consideration  of  the  purely  local  part  of  the  neighbouring  action. 

Now,  for  any  other  regular  arrangement  of  particles,  the  s-constants  of  this 
method  will  not  all  be  equal  and  zero ;  but  suppose  that  instead  of  a  sphere  R, 
we  can  choose  some  other  form  of  surface  R',  such  that  we  can  again  ignoie 
the  local  effect  of  the  particles  within  R',  then  we  are  left  with  the  evaluation 
of  the  force  within  a  cavity  R'  in  a  medium  imiformly  polarised  to  the  value  of 
the  material  polarisation  vector  at  the  point  in  question.  In  particular,  it  is 
clear  that  for  a  first  approximation  for  a  regular  firrangement  of  particles 
diH'ering  slightly  from  a  simple  cubical  system,  we  may  assume  R'  to  be  an 
ellipsoid  whose  axes  are  nearly  equal. 

If  we  take  co-ordinate  axes  in  the  directions  of  the  principal  axes  (a,  6,  c) 
of  the  ellipsoid,  the  force  due  to  the  particles  outside  is  now  given  by 

^(/-c^^)'  ^{'-i'^y  "i'-i^y      <^> 

where  A  =  i„k:^'^^^^-^^^-^^^^  (6) 

with  similar  expressions  for  B  and  C. 

Hence,  if  we  put 

(a,  6,  c)  =  r  (1  +  61,  1+62,  l-l-€3), 

we  have  to  the  first  power  in  ei,  €2y  €3, 

A  =  ^{l-|6i  +  f(6a+63)}, 

B  =  |^{l-4€2  +  *(e3-h€0}, 

C  =  ^{l-4€3+i(€x.h€2)}.  (7) 
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Writing  these  for  the  moment  as  47r  (i+s),  we  have,  from  (4)  and  (5), 


%+hVk  =  «*{x  +  4,ra+.s) (/-i-  X)| .  (8) 

If  the  quantities  vary  as  6***,  we  find  from  this  equation  an  expression  for 
/i;  tliis  can  be  substituted  in  equation  (3)  to  give  a  relation  between/ and  X 
which  must  necessarily  be  of  the  form/  =  7i*X/47r,  where  n  is  the  refractive 
index.  Hence  we  obtain  a  value  for  n  which  is  expressed  most  conveniently 
in  the  form 

n2  +  2-h36(n2-l)       6      ^Ja^-F      7io^-h2'  ^^ 

where  Wo  is  the  refractive  index  of  the  same  substance  if  isotropic  and  of  the 
same  mean  density. 

Now  we  substitute  from  (7)  the  values  for  s  and  expand  from  (9)  to  the 
first  power  in  the  small  quantities  ci,  €2,  63;  we  find  the  following  values  for 
the  principal  refractive  indices  of  the  medium : — 

Ml  =  ^O  —  tV  "  {3ei-(6i-f63-|-€3)}, 

Wo 

W2  =  ^t0-TV^^^^^^^=^{362-(6l  +  €a  +  63)}, 

no 
7^3  =  no-Vy^''^'""^^{363-(ei  +  62-h63)}.  (10) 

The  mean  value  no  is  given  by 

;jo  =  ^  (?li  +  ?i2  +  713).  (11) 

The  medium,  then,  is  doubly  refracting,  and  we  shall  consider  first  some 
consequences  when  it  behaves  like  a  uniaxal  crystal. 

In  this  case  we  may  take  ea  and  63  as  zero,  and  we  have  the  extraordinary 
index  ni  and  the  ordinary  index  na  given  by — 

no 

n2^n^  +  ^\^^!^^^^e,  (12) 

no 

where  no  =  ^  (ni  +  2na). 

The  mean  index,  that  is  the  index  for  the  same  medium  if  isotropic  and  of 
the  same  density,  lies  unsymmet  rically  between  the  ordinary  and  extra- 
ordinary indices,  being  twice  as  far  from  the  latter  as  from  the  former. 
Further,  if  we  measure  the  double  refraction  i  by  the  diflference  between  the 
two  principal  indices,  we  have 

8  =  na-ni  =  |(^^'-^)%.  (13) 

^'0 
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Assuming,  then,  that  the  ellipticity  of  the  effective  ellipsoid  is  constant,  if 
we  know  how  n^  varies  with  the  wave-length,  this  equation  gives  a  law^  of 
Jispersion  of  the  double  refraction ;  we  shall  compare  this  law  with  some 
experimental  data  in  the  following  sections. 

3.  Double  Refraction  Due  to  Meclianical  Stress, 

The  most  suitable  test  for  the  above  formula  would  be  in  the  case  of 
rtilicially  produced  double  refraction,  as,  for  instance,  when  an  isotropic 
aediuni  behaves  like  a  uniaxal  crystal  if  subjected  to  mechanical  stress. 
lowever,  in  these  cases  the  effect  is  extremely  small,  and  the  principal 
adices  tii  and  7ia  have  not  usually  been  measured  separately,  but  simply 
beir  difference.  If  the  dispersion  of  the  unstrained  isotropic  medium  were 
mown  either  by  a  curve  or  a  dispersion  formula,  then  it  would  be  possible 
o  calculate  the  dispersion  of  the  difference  /ii— 712 ;  for  instance,  if  7^0,  for  the 
MDtropic  medium  of  the  same  density,  were  given  by 

tien,  since 

6  =  rii— Tia  =  ^^ ^C, 

no 

we  should  have  S  given  approximately  by  a  relation  of  the  form 

Further,  the  separations  of  ui  and  712  from  7io  should  be  in  opposite 
iirections,  with  the  former  approximately  twice  the  latter.  These  conse- 
c^xiences  rest  on  the  initial  assumption  of  the  theory,  namely,  that  the 
isotropic  medium  is,  in  fact,  an  assemblage  of  optically  isotropic  molecules, 

and  not  a  collection  of   crystalline  molecules,  with  their  axes  distributed 

equally  in  all  possible  directions. 

4.  Electric  Double  Iie/ractio7i, 

For  the  double  refraction  produced  in  media  by  the  action  of  an  electric  field, 
Kerr  observed  a  dispersive  effect,  and  supposed  that  the  double  refraction 
varied  inversely  as  the  square  root  of  the  wave-length,  but  this  has  been 
shown  to  be  erroneous  by  Blackwell.*  His  experiments  deal  with  carbon 
disulphide,  and  curves  are  given  for  the  variation  of  the  double  refraction  with 
the  wave-length  for  two  different  temperatures  with  a  field  strength  of 
56,000  volts  per  centimetre.  These  results  give  the  only  data  suitable  for 
the  present  purpose. 

*  H.  L.  Blackwell,  *  American  Academy  Proceedings,'  voL  41,  p.  647, 1906. 
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We  have,  theu,  two  sets  of  values  for  the  double  refraction  S  of  CSa  at  the 
temperatures  of  11^  C.  and  24°  C,  each  set  giving  values  for  six  different, 
wave-lengths  with  the  value  of  S  f or  \  =  589  and  t  =  24°  taken  as  100 ; 
absolute  values  can  be  obtained  by  means  of  a  determination  of  7*04  x  10~^ 
for  S  at  the  latter  point. 

F.or  the  present  theory  we  require  the  actual  values  of  wi  and  n^  in  order  to 
calculate  the  mean  value  tiq,  equal  to  (ni  +  2?i^)/3  ;  however,  it  is  sufficient  to 
take  for  n^  the  refractive  index  of  CS2  under  the  same  conditions  in  regard  to 
density  and  temperature. 

To  obtain  these  values  for  the  wave-lengths  required,  we  have  a  dispersion 
formula  for  CS2  at  18°  obtained  by  Martens,*  which  gives  values  correct 
to  four  decimal  places  at  least ;  the  formula  is 


^^=  w  +  ^j23^a-*^'^* 


where 


m  =  1-63403  ;  k  =  0000300 ; 

m'  =  0-88113 ;  V  =  21753.      " 

The  correction  for  temperature  can  be  made  to  sufficient  accuracy  by 
allowing  a  decrease  of  index  of  9  x  10"*  for  each  degree  rise  of  temperature.! 
Making  these  calculations,  we  have  the  values  of  71^  used  in  the  following 
Tables  I  and  II.  The  first  column  gives  the  wave-length  \,  the  second  n^, 
the  third  the  observed  values  of  the  double  refraction  S ;  the  fourth  column 
gives  the  calculated  values  of  Sno/(no^—l)^  which,  according  to  the  theory, 
ought  to  be  constant. 

Table  I.— Carbon  Bisulphide  at  24^. 


A. 

"o- 

^ObB.  =  »i-llj. 

C  =  5i»o/(V-l)». 

^CAlC. 

421-6 

1-678 

119-4 

60-78 

118  -8              i 

441-5 

1-668 

115-0 

60-89 

115-2 

467-7 

1-656 

110-5 

60-27 

110-9 

508-5 

1-642 

106-0 

60-50 

106-0 

538-7 

1-634 

103-0 

60-35 

103-2 

589-0 

1-624 

100  0 

60-58 

99-8 

Mean  value  of  C  =  60*48  ;  greatest  divergence  «  0*6  per  cent,  approx. 

The  fifth  column  in  each  table  was  obtained  by  using  the  mean  value  of 
C,  together  with  the  values  of  7/0,  in  order  to  recalculate  the  values  of  S.  A 
comparison  of  the  third  and  fifth  columns  shows  the  amount  of  agreement 
.between  the  observed  and  calculated  values  of  S ;  it  may  be  remarked  that 

♦  Martens,  '  Annalen  der  Physik,'  vol.  6,  p.  632,  1901. 
t  Landolt,  *TabeIIen,'  3rd  edition,  p.  671. 
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the  observed  values  are  the  mean  values  of  results  varying  by  as  much  as 
2  per  cent. 

Table  II.— Carbon  Disulphide  at  11^. 


A. 

»©• 

^0bih  =  »l-»2. 

C:==8V(V-1)'. 

^calc. 

421  -6 

1-689 

1 

1            125  -6 

61-80 

126-7 

1           441-5 

1-679 

1             121  -0 

61-40 

121-8 

1           467-7 

1-667 

'            116  -8 

61-62 

117-2 

508-5 

1-663 

1             112  -4 

•62-01 

112-1 

J           538-7 

1-645 

109-4 

61-93 

109-2 

589-0 

1*635 

1            106-6 

i 

62-26 

105-9 

Mean  yalue  of  G  =  61*84 ;  greatest  divergence  »  0-7  per  cent,  approx. 

We  can  calculate  the  absolute  value  of  C  from  the  value  for  S  at  ^  =  24** 
and  \  =  589.  viz.,  7-04  x  10~l  If,  then,  €  is  the  ellipticity  of  the  effective 
ellipsoidal  cavity  of  the  theory,  we  have  €  equal  to  5C,  and  we  find  the 
following  values : — 

€  =  0000,002,18  at  11°, 

€  =  0000,002,13  at  24°  (15) 

5.  Dispersion  of  Dorible  Befraction  in  Quartz, 

In  order  to  determine  to  what  extent  the  double  refraction  of  natural 
crystals  can  be  accounted  for  by  an  aeolotropic  distribution  of  isotropic 
molecules,  we  require  data  for  some  simple  crystal  for  which  the  diflTerence  ot 
the  indices  is  sufficiently  small ;  for  this  purpose  we  have  accurate  determina- 
tions of  n\  and  n^  for  quartz  extending  over  a  very  wide  range  of  wave-lengths. 
The  values  for  these  given  in  Table  III  are  by  Martens*  for  wave-lengths 
ranging  from  185  to  768,  and  by  Carvallof  from  801  to  1849. 

The  nimibers  in  the  fifth  column  C  are  calculated  in  each  case  from 
the  relations 


(V-1)^' 


^^0=  i(wi  +  27ia). 


Then  the  quantity  C  ought  to  be  a  constant.  Remembering  that  we  have 
neglected  terms  of  the  second  order,  and  omitting  for  the  present  the  extreme 
limits  in  the  ultra-violet  and  infra-red,  we  see  that  the  figures  give 
considerable  support  to  the  theory.  For  throughout  the  large  range  of  \. 
from  358  to  1159,  C  does  not  differ  from  a  mean  value  of  0*007245  by  as 
much  as  0*2  per  cent,  in  any  case.     For  the  sake  of  comparison  one  might 

*  Martens,  <  Annalen  der  Physik/  vol  6,  p.  628,  1901. 
t  Carvallo,  •  Comptes  Rendus,'  vol.  126,  p.  730,  1898. 
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calculate  the  values  of  some  other  relation  which  might  suggest  itself ;  for 
instance,  the  quantity  Swo/(/io^— 1)  decreases  continuously  throughout  the 
whole  range,  its  extreme  values  differing  from  a  mean  value  by  as  much  as 
16  per  cent. 

Table  III.— Quartz. 


A. 

»i- 

»2- 

^. 

Cxl0«. 

186 

1-68988 

1  -67571 

0  -01417 

7151 

198 

6394 

5087 

1307 

7150 

224 

3231 

2045 

1186 

7175 

242 

1647 

0522 

1125 

7170   1 

268 

0886 

1-59306 

1080 

7174 

281 

1  -59516 

8467 

1049 

7188 

808 

8564 

7547 

1017 

7204 

340 

7737 

6747 

0-00990 

7223 

858 

7369 

6890 

979 

7286 

894 

6805 

1-55846 

959 

7285 

434 

6339 

896 

943 

7286    j 

467 

6034 

102 

932 

7231    1 

486 

1  -55897 

1-54967 

930 

7263 

508 

746 

822 

924 

7246 

533 

599 

680 

919 

7246 

546 

534 

617 

917 

7245 

560 

461 

546 

915 

7251 

589 

335 

424 

911 

7262 

627 

186 

280 

906 

7253 

643 

131 

227 

904 

7268 

656 

091 

189 

902 

7247 

670 

047 

145 

902 

7258 

768 

1  -54794 

1  -58903 

891 

7238 

801 

725 

834 

891 

7257 

882 

661 

773 

888 

7250 

867 

598 

712 

886 

7250 

905 

532 

649 

883 

7245 

946 

464 

583 

881 

7246    1 

991 

392 

514 

878 

7240    , 

1042 

317 

442 

875 

7246    ! 

1097 

238 

366 

872 

7232 

1159 

152 

283 

869 

7232    1 

1229 

057 

192 

865 

7224 

1307 

1  -53951 

090 

861 

7218 

1396 

832 

1-52977 

855 

7202 

1497 

•   692 

842 

850 

7198 

1615 

524 

679 

845 

7201 

1749 

1       319 

485 

834 

7164 

1849 

j       163 

335 

828 

7154 

In  consequence  of  the  use  of  Babinet's  compensator  in  detennining  the 
double  refraction  of  minerals,  the  dispersion  of  double  refraction  in  quartz  has 
been  studied  extensively.  From  experimental  observations  in  the  visible  and 
ultra-violet  spectrum,  Mace  de  L^pinay*  found  that  S  could  be  represented  very 
accurately  by  a  formula — 

«  =  «+-,+-,. 

♦  Mac6  de  L^pinay,  'Annales  de  la  Faculty  des  Sciences  de  Marseille,'  vol.  50,  p.  1, 
1891. 
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The  numerical  values  of  the  constants  were  found  by  Carvallo  to  fit  also 
his  observations  in  the  infra-red.  This  relation  is  of  the  form  to  be  expected 
from  our  formula  connecting  S  and  ?io,  assuming  no  to  be  expressible  by  a 
dispersion  foimula  of  the  usual  type. 

We  have  assumed  in  the  calculations  that  the  effective  cavity  was  an 
ellipsoid  of  small  ellipticity.  We  might  then  examine  the  order  of  magnitude 
of  the  second  order  terms  which  have  been  neglected,  but  it  is  simpler  to 
obtain  now  a  more  general  relation  free  from  this  approximation. 

Using  the  notation  of  equations  (5)  to  (9),  the  only  assumption  we  make 
about  the  effective  cavity  is  that  the  force  within  it,  due  to  the  polarised 
medium  outside,  has  components 


4.(.+,3)(a_£z). 


(16) 


where  >?i,  5a,  ^3  are  constants. 

Then  assuming  as   before    that    the   molecules  are  isotropic,  we  have  a 
principal  index  given  by 

n^^l  ^no^--l 

The  quantity  (n^-\-2)l(v?^l)  differs  by  a  constant  from  its  value  in  any 
other  state ;  or,  more  simply,  we  have 

1  1 


n^-l 


no' 


— s. 


Consequently,  if  the  medium  is  uniaxal,  we  have  the  relation 

=  constant. 


(17) 


(18) 


n^—1     Tii^— 1 
where  ni  and  wj  are  the  extraordinary  and  ordinary  indices. 

Using  the  values  given  in  Table  III,  we  can  examine  this  relation   for 
quartz  ;  the  result  is  shown  in  Table  IV. 

Table  IV.— Quartz. 


X. 

C. 

1    " 

A. 

858 

0-01439 

1    0  01443 

666 

434 

0*01439 

;    0  -01439 

768 

486 

0-01442 

0  -01442 

832 

683 

0  01441 

j    0  01442 

906 

•   660 

0-01442 

'    0  01440 

991 

627 

0-01442 

0  -01439 

1097 

C  =  (»,'- !)-»_  (»,s- 1)-'.    Mean  value  =  0  01441. 


D  2 
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6.  Some  Hxceptionai  Crystals. 
The  relation  obtained  in  (18)  does  not  cover  all  the  cases  of  regular  dis- 
persion, as  we  see  from  the  figures  for  Iceland  Spar  given  in  Table  V.  But 
it  may  be  noticed  that  in  this  case  the  double  refraction  8  is  20  times 
greater  than  in  quartz  ;  thus  simple  distribution  of  isotropic  molecules  is 
apparently  not  quite  sufficient  to  account  for  so  large  a  difTerence  between 
the  two  indices. 

Table  V.— Iceland  Spar. 


X. 

^-»a-»i. 

c'  =  (v-i)-^-W-i)-». 

410 
484 
508 
589 
656 
768 

0-1887 
0-1812 
0  1757 
0  1719 
0-1698 
0-1671 

oooooo 

Further,  we  have  exceptional  cases  in  which  S  decreases  with  the  wave- 
length, but  much  more  rapidly  than  in  other  crystals.  For  instance,  in 
strontium  hyposulphate,  the  rate  of  decrease  is  about  10  times  that  of 
quartz,  and  we  find  that  the  quantity  C  of  the  previous  calculations  is  by  no 
means  constant,  but  decreases  with  the  wave-length. 

If  we  have  S,  given  by  the  relation 

we  see  that  the  substance  may  be  eitlier  a  positive  or  negative  uniaxal  crystal, 
according  as  €  is  negative  or  positive  ;  but  in  either  case  the  absolute  value 
of  S  decreases  with  no,  that  is,  in  general,  S  will  decrease  as  X  increases.  Now 
this  is  the  rule  in  most  actual  crystals,  but  there  are  a  few  for  which  S 
increases  with  \,  although  hq  diminishes;  the  figures  for  apophylite 
are  given  in  Table  VI  for  the  purpose  of  comparison  with  a  later  set  of 
figures. 

Table  VI.— Apophylite.* 


A. 

^•- 

486-1 

0-00218 

501-6 

0-00282 

546-1 

0-00241 

587-6 

0-00266 

589-6 

0-00265 

656-8 

0-00284 

667-8 

0-00289 

♦  B.  TroUe,  *  Phyeikalische  Zeitschrift,'  vol.  7,  p.  700, 1906 
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Also,  there  are  crystals  for  which  B  passes  through  a  minimum,  and  some 
for  which  the  double  refraction  changes  from  positive  to  negative — the  sub- 
stance being  isotropic  for  some  definite  wave-length. 

It  appears,  then,  that  a  theory  of  seolotropic  distribution  of  isotropic  mole- 
cules wliich  may  serve  for  the  artificial  double  refraction  produced  in  isotropic 
bodies  and  for  simple  crystals  is  not  sufficient  to  cover  the  varieties  of  dis- 
persion found  in  natural  crystals.  This  is  naturally  to  be  expected ;  for,  in 
addition  to  the  varieties  of  dispersion  in  biaxal  crystals,  to  be  considered 
later,  we  see  that  if  such  a  simple  theory  were  sufficient,  then  the  symmetry 
of  all  the  physical  properties  of  a  crystal  would  be  the  same  as  its  optical 
symmetiy,  and  this  is  not  the  case.  The  direction  in  which  to  modify  the 
theory  is  clear ;  we  shall  consider  a  crystalline  medium  as  a  homogeneous 
jwsemblage  of  crystal  molecules.  Whether  or  no  the  crystal  molecule  can 
be  identified  with  the  chemical  molecule  need  not  be  considered  here. 
Leaving  the  general  theory  till  later,  we  shall  consider  first  the  case  of  a 
uniaxal  crystalline  medium. 

7.  Modified  Theory  of  Uniaxal  Crystals. 

The    previous  theory  can  be   extended   in   the   following  manner: — The 

molecules  (or  crystal  units)  of  the  medium  are  not  necessarily  to  be  supposed 

ellipsoidal  in  shape,  but  are  optically  aeolotropic,    so    that   the  subsidiary 

'equations  connecting  the  polarisation  of  a  particle  with  the  effective  electric 

force  are  aeolotropic,  with  an  axis  of  symmetry ;  the  particles  are  supposed  to 

be  arranged  in  a  homogeneous  assemblage  such  that  the  effective  cavity  may 

be  taken  as  an  ellipsoid  of  revolution   of  ellipticity  e,  and  having  its  axis 

-of  symmetry  coincident  in  direction  with  that  of  the  crystal  unit.     Then, 

instead  of  equation  (9),  we  have  now 


with  a  similar  equation  in  n^  and  W02. 

In  these,  tiqi  and  7ib2  are  the  extraordinary  and  ordinary  indices  for  the 
substance,  with  a  regular  cubical  arrangement  of  the  same  molecules  in  the 
same  density. 

Hence,  substituting  for  si  and  S3  their  values  in  teims  of  e,  we  have  the 
two  principal  indices  given  by 

(noi^-l)2 
Til  =  tioi-tV-^^^^^ -^^ 

«a  =  «02  +  T'/"»'''~^^€,  (20) 

«03 
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And  the  double  refraction  S  is  given  by 

a  =  „_,,,-,V  |20!2i!=lZ+(j^.^^^)  e.  (21) 

These  equations  (20)  and  (21)  would  represent  the  effect  of  deformation  in 
a  natural  uniaxal  crystal.  For  the  present  purpose  we  apply  them  t(»  a 
natural  unstrained  crystal.  They  cannot  be  verified  by  actual  calculation  in 
this  case,  but  we  sliall  see  that  they  cover  all  the  anomalous  cases  mentioned 
in  the  previous  section. 

To  find  how  8  varies  with  the  wave-length,  we  have,  from  (21), 

8S_  f'         2  (372oi^-H)(noi^- 1)^13^01       r.       ,  (37ioa^+l)(W-l).l&/toa 

(22) 

Now  the  object  is  to  account  for  anomalous  dispersion  of  S  in  regions  free 
from  absorptioi).  Then  if  mqi  and  noa  follow  the  regular  law  of  diminishing 
as  X  increases,  we  have  both  c^noi/dx  and  dnou/dk  negative ;  and  as  we  can 
have  noi  greater  or  less  than  no2  and  €  positive  or  negative,  we  see  that  it  is 
possible  to  have  3S/3X,  positive.  In  fact,  it  is  possible  to  have  the  following 
varieties  of  change  of  8  as  X  increases  :  (i)  slow  decrease,  (ii)  rapid  decrease, 
(iii)  slow  increase,  (iv)  S  passing  through  a  minimum,  and  (v)  8  changing  in 
sign. 

These  cases  all  occur,  being  typified  by  quartz,  strontium  hyposulphate, 
apophylite,  and  for  the  latter  cases  by  varieties  of  vesuvian  and  melilite.* 

The  theory  can  be  illustrated  best  by  building  up  from  a  known  crystal  of 
regular  dispersion  of  double  refraction  one  which  behaves  like  apophylite. 
Suppose  we  consider  the  uniaxal  crystal  phenakite,  for  which  there  are 
ava,ilable  determinations  of  the  principal  indices  for  five  different  wave- 
lengths; we  denote  these  indices  by  71qi  and  7io2,  and  we  find  that  their 
difference  diminishes  as  the  wave-length  increases.  Suppose,  now,  that  the 
crystal  molecules  of  phenakite  are  rearranged  so  that  the  effective  cavity  has 
an  ellipticity  of  0*035,  and  has  its  axis  along  the  direction  of  the  axis  of 
symmetry  of  the  crj^stal  units ;  then  by  equation  (21)  we  may  calculate  the 
double  refraction  8  of  the  medium  thus  built  up.  The  results  are  shown  in 
Table  VII.  We  see  that  although  the  double  refraction  of  the  phenakite 
crystals  follows  the  regular  law  of  decreasing  as  X  increases,  yet  the  resulting 
double  refraction  S  of  the  distorted  medium  increases  as  X  increases,  and  is  of 
about  the  same  order  as  that  of  apophylite  (Table  VI).  This  is,  of  course, 
only  intended  as  an  illustration  of  the  possibility  of  explaining  the  irregular 
dispersion  in  regions  which  are  not  in  the  vicinity  of  absorption  bands. 

♦  Hlawatsch,  *  Tschermak's  Mitteilungen,'  vol.  23,  p.  416,  1904. 
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1    X. 

1 

»01- 

'Hb.         «oi-»tB.         ^. 

1 

508 
637 
589 
643 
670 

1  -67451 
1  -67254 
1-66977 
1  -66735 
1-66639 

1  -65858 
1-65664 
1  -66394 
1-65154 
1-65060 

0  01593 
0-01590 
0  -01583 
0-01581 
0  -01579 

0  -00255 
0-00260 
0-00266 
0-00273 
0-00275 

8.  Dispersion  in  Bicwal  Crystals. 

We  consider  now  the  previous  theory  in  the  most  general  form,  namely, 
the  double  refraction  of  a  medium  composed  of  optically  seolotropic  particles 
with  the  same  orientation  and  arranged  so  as  to  give  an  ellipsoidal  effective 
cavity  with  its  principal  axes  in  any  three  fixed  mutually  perpendiculeir 
directions ;  we  shall  indicate  briefly  the  general  character  of  the  results. 

We  take  the  principal  axes  of  a  typical  particle  as  co-ordinate  axes,  and 
have  (Xi,  /ii,  i/i),  (\2,  A^,  V2\  and  (Xs,  /is,  vz),  as  the  direction  cosines  of  the 
principal  axes  of  the  effective  cavity.  Then  if  (/,  g\  A')  is  the  polarisation 
of  the  medium,  the  a;-component  of  the  force  within  the  cavity  due  to  the 
polarisation  is  given  by 

Xi  =  (XM  +  X22B  +  X3K:!)/  +  (XiMiA  +  X2/i2B  +  X3/i3C)/ 

+  (Xi  j/i  A  +  X21/2B  -f-  X31/3C)  h\     (23> 

where  A,  B,  C,  are  the  usual  constants  for  the  cavity  and  can  be  written  as — 
(A,B,C)  =  ^4-47r(5i,52,53). 

Further,  if  we  write  tioi,  ^2,  ^3  for  the  principal  indices  of  a  medium 
composed  of  the  same  units,  but  arranged  in  regular  cubical  order,  we  have 
three  equations  of  the  form 

72^+2""  3  ^'hn'-P'  ^^^ 

We  can  obtain  now  three  equations  connecting  the  components  of  electric 

force  (X,  Y,  Z)  with  the  polarisation  (f,  g'  h') ;    but  if  (/',  m\  n')  are  the 

direction  cosines  of  a  principal  axis  of  the  resulting  ellipsoid  of  polarisation 

and  if  n  is  the  corresponding  principal  index  of  refraction  for  this  direction, 

we  must  have 

n^-l, 


Vf  +  wy  -h  n'h!  =  ^ifli:  (Z'X  +  m'Y  +  n'Z\ 


(25) 


Hence,  for   the   determination    of    the   principal   axes   and   indices   of  the 
medium  we  obtain  three  equations  of  the  type 


(«ii ^ — z  +-n — -.  )r  +  ai2Wi'  +  «i3>i'  =  0, 


(26) 
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-where  the  a-constants  are  given  by  relations  of  the  form 

We   shall   examine   now   the   various   types   of   crystals   covered  by  these 
equations. 

(a)  Frismutic  system, — If  we  take  the  simplest  case,  we  have  the  principal 
axes  of  the  crystal  unit  coinciding  with  those  of  the  effective  cavity ;  then 
evidently  the  three  principal  polarisation  axes  are  in  the  same  directions,  and 
maintain  these  directions  for  all  wave-lengths,  as  in  crystals  of  the  prismatic 
type. 

From  equations  (26)  and  (27)  we  see  that  the  principal  refractive  indices 
are  given  by 

1  1       +«r  =  0;         r=l,2,3.  (28) 


tlr^— 1       «Dr^— 1 

Thus  we  have 

n,  =  7Jor+J^-^^^^^^^Sr.  (29) 

Hence,  as  in  the  theory  of  §  7  for  uniaxal  crystals,  we  may  have  the 
indices  varying  differently,  with  the  wave-length  and  consequently  the 
possibility  of  such  crystals  as  brookite,  in  which  the  order  of  magnitude  of  the 
indices  changes  and  the  plane  of  the  optic  axes  is  turned  through  a  right  angle. 

(b)  Mmwclinic  System, — Suppose,  now,  that  one  principal  axis  of  a 
particle  coincides  with  a  principal  axis  of  the  cavity,  then  this  will  be  an 
axis  of  the  polarisation  ellipsoid  which  is  fixed  in  direction ;  thus  we  obtain 
the  monoclinic  system  of  crystals  with  a  single  plane  of  symmetry. 
Without  discussing  the  equations  in  detail,  we  consider,  as  an  illustration,  the 
dispersion  of  the  other  two  polarisation  axes.  These  are  at  right  angles  to 
each  other  and  lie  in  the  plane  of  symmetry  of  the  crystal.  Let  ^  be  the 
angle  giving  their  position  with  reference  to  the  fixed  co-ordinate  axes,  and 
a  the  corresponding  angle  for  the  position  of  the  fixed  axes  of  the  effective 
cavity  in  the  same  plane. 

Then,  supposing  the  plane  of  symmetry  to  be  the  (2,  3)  plane,  we  find, 
after  substitution  in  (26)  and  (27)  and  reduction,  that 

fan  o J. {s2-'Sz)^m2a ,«^. 

^      (s2-^^3)cos2a-(no22-l)-i  +  («o3^-l)-i'  ^^ 

Xow  52,  S3,  and  a  are  assumed  to  be  independent  of  the  wave-length ;  suppose, 
then,  that  the  indices  7202  and  ?io3  for  the  crystal  molecules  in  cubical  order 
decrease  regularly  with  the  wave-length,  so  that  on  the  simplest  supposition 
we  have  dispersion  formula;  of  the  type 

2  .   '^ 
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Then  from  (30)  we  see   that  the  dispersion  of   the   angle  <f>  is  given  by 
a  relation  of  the  form 

tan2<^=   P-^^K-^'}",,  (31) 

Sufficient  experimental  data  on  the  dispersion  of  the  principal  axes  of 
xnonoclinic  crystals  are  not  available  to  test  this  formula ;  but  a  similar 
ipelation  without  terms  in  X*  has  been  suggested  on  other  grounds  by 
TS'akamura,*  and  found  to  agree  fairly  well  with  some  cases. 

fc)  Anorthic  System, — ^Finally  we  have  the  general  case  in  which  none  of 

t^Iie  axes  of  the  crystal  unit  coincides  with  a  principal  axis  of  the  effective 

oavity,  and  consequently  the  three  principal  axes  of  polarisation  all  change, 

both  in  magnitude  and  direction,  with  the  wave-length ;  this  includes,  then,  all 

anorthic  crystals. 

9.  Summmy. 
Beginning  with  a  theory  intended  to  apply  to  artificial  double  refraction 
prcxiuced  in  an  isotropic  medium,  we  found  that  the  consequences  could  be 
•expressed  simply  in  the  following  manner : — If  7i  is  a  refractive  index  of  the 
substance,  the  quantity  (?i^— 1)"^  is  altered  by  an  amount  independent  of  the 
w'a^ve-length,  and  varying  only  with  the  direction ;  this  implies  a  small 
change  in  n  which  is  proportional  to  (wo^— l)/7io,  where  no  refers  to  a  standard 
«ta  t^  of  arrangement  in  regular  cubical  order. 

I^cwsing  to  natural  crystals,  we  find  anomalous  dispersion  of  the  double 
^^^i^fiLction  occurring  in  regions  away  from  absorption  bands,  and  a  theory 
^^^^H.lxfied  to  account  for  these  cases  leads  to  a  consideration  of  the  optical 
'^l^.tiions  of  crystal  structure.  In  this  connection  it  is  of  interest  to  compare 
^*^^*ici^  recent  work  in  two  directions.  On  the  one  hand  we  have  attempts  to 
®^I>l«iin  crystal  structure  as  a  function  of  chemical  constitution  ;  the  crystal 
^  ^^ficribed  as  a  homogeneous  assemblage  of  spheres  which  are  combined  into 
^*^^-groups  defining  the  crystal  unit  or  molecule.  On  the  other  hand,  we 
n^v*^  work  connecting  the  dispersion  of  double  refraction  in  certain  groups  of 
'^^^^^erals  with  their  chemical  constitution,  some  members  being  found  to 
P^^^ess  a  minimum  of  double  refraction.f 

Consequently,  it  should  be  possible  to  explain  the  varieties  of  dispersion 

^^   double  refraction  by  means  of  the  structure  of  the  crystal,  and  we  have 

^"^t^mpted  this  in  the  previous  sections,  with  the  following  assumptions : — 

*^^  crystal  unit  contains  vibrating  electrons,  so  that  their  combined  effect  is 

^^pi'essed  by  three  principal  equations  connecting  the  polarisation  of   the 

♦  Nakamura,  *  Physikalische  Zeitschrift/  vol.  6,  p.  172,  1905. 
t  Hlawatsch,  loc,  cit. 
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unit  with  the  effective  electric  field ;  if,  then,  these  units  are  arranged  in 
regular  cubical  order,  we  have  a  medium  with  principal  refractive  indices 
along  three  fixed  directions  in  space,  and  we  assume  that  in  this  case 
we  have  regular  decrease  of  the  double  refraction  with  increasing  wave- 
length in  regions  away  from  absorption  bands.  But  considering  in  general 
any  otlier  homogeneous  assemblage,  we  express  the  effect  by  a  change  in  the 
effective  electric  field  acting  on  the  crystal  unit;  this  effect  we  have 
estimated  by  supposing,  as  a  sufficient  approximation,  that  the  effective 
cavity  is  slightly  ellipsoidal  instead  of  being  spherical.  Thus  differences  of 
packing  of  the  crystal  molecules  are  represented  optically  by  variations  in 
the  ratios  of  the  axes  of  the  effective  cavity  and  in  their  directions  in  space 
compared  with  the  polarisation  axes  of  the  individual  unit.  Combining 
these  assumptions,  we  have  shown  that  they  are  sufhcient  for  a  descriptive 
theory  covering  the  varieties  of  dispersion  of  double  refraction  found  in 
natural  crystals. 
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[Plate  1.] 

In  a  paper  recently  read  before  this  Society,*  the  author  described  some 

ex|>eriments  on  the  length  of  the  Crookes  dark  space  under  varying  conditions 

in   different  gases.     While  the  gas  hydrogen  was  under  this  investigation,  a 

slight  inequality  of  light  was  noticed  very  close  to  the  cathode,  which,  under 

the  prevailing  conditions,  was  not  definite  enough  to  warrant  further  attention 

at   the  time.     When,  however,  helium  was  introduced  into  the  apparatus, 

this     phenomenon  became  strikingly  clear,  showing  itself  to  be  a  hitherto 

undescribed  dark  space  very  close  against  the  cathode  and  inside  the  Crookes 

dark  space,  possessing  very  different  properties  from  the  latter.     By  the  time 

the  measurements  of  the  Crookes  dark  space  in  helium  were  completed,  the 

beha,Ariour  of  the  new  dark  space  had  suggested  a  simple  explanation,  which 

ied   to  a  series  of  experiments,  of  which  this  paper  is  a  description. 

--^jrjparatus. — The  preliminary  observations  of  the   new  dark   space  were 

^iia^ti  in  the  "guard  ring  cathode"  discharge  tube  already  described,!  but 

^'^exx  it  was  realised  that  an  accurate  knowledge  of  the  current  density  was 

not     required,  this  was  replaced   by  a   smaller  cylindrical   tube,  8   cm.  in 

^^-lixeter,  with  more  uniform  walls  and  plane  aluminium  cathode  and  anode. 

^t,lx  this  exception,  the  apparatus  was  entirely  as  described  in  the  previous 

-^Measurement  of  tfie  Zenith  of  the  New  Dark  Space, — As  this  is  exceedingly 
^^*^^U  (its  greatest  length  under  measurable  conditions  is  about  0*1  cm.),  its 
"^^^s^urement  was  found  to  be  a  matter  of  considerable  difficulty;  any 
*  *-^xnpt  at  magnification  by  a  telescope  was,  as  with  the  Crookes  dark  space, 
^^x*^^  than  useless,  and,  after  trj^ing  several  methods  of  micrometry,  the  plahi 
^^5^*xter  used  for  the  latter  was  adopted  as  being  the  most  reliable.     This 

^  listed  of  a  tube  about  20  cm.  long,  fitted  at  one  end  with  a  pointer  and  at 
^^  other  with  a  small  eye-hole,  the  whole  being  mounted  to  move  parallel  to 
trie  ^dge  of  the  cathode.  The  readings  were  done  in  darkness,  the  error  bein«j: 
about  ±0-002  cm. 

^.  W.  Aston,  "  Experiments  on  the  Length  of  the  Cathode  Dark  Space,"  *  Roy.  Soc. 
"^-,'  A,  vol  79,  1907,  pp.  80—95. 
'    Z^oc,  cii. 


46  Mr.  F.  W.  Aston.     Experiments  on  a  Xew    [June  1 

Tlifjrry  of  thf  New  Dark  Hitac^. — The  preliininarv  measurements  of  **  dr  t 

len^h  of  the  new  dark  space,  showefJ  that  it  was  practically  independent 

the   preHKurr;   and   roughly  profKjrtional   to  the  inverse  square  root  of  t 

current  density.     Now  the  e(| nation  expressing  the  distribution  of  elect 

force  X  in  the  Crookes  dark  space  was  shown  in  the  previous  paper*  to  1 

under  certain  assumptions, 

X  =  (S7rcx/\)i, 

where  c  =  current  density,  x  =  distance  from  the  edge  of  the  Crookes  da 
space,  and  X  =  velocity  of  a  -fion  in  a  unit  field  at  prevailing  pressure. 
w«  sulmtitute  1  >  (tlie  length  of  the  Crookes  dark  space)  for  x  in  this  expr< 
sion,  we  obtain  the  field  just  outside  the  cathode  and,  since  D  is  rough 
proi>ortional  to  \,  this  field  is  independent  of  the  pressure  and  proportional 
e^^  indicjiting  that  the  fall  of  potential  across  d  is  constant. 

Now  8upi)ose  the  electrons  start  from  the  surface  of  the  cathode  from  re 
or  with  a  uniform  velocity  not  great  enough  to  ionise  the  gas.  It  is  ck 
that,  if  the  energj'  necessary  for  such  ionisation  is  constant,  they  can  oi 
attain  this  energy  by  falling  through  a  definite  potential,  so  that  there  will 
a  space  in  front  of  the  cathode  of  definite  length  in  which  no  ionisation  ^ 
go  on  at  all,  and  where  no  light  would  be  expected.  The  new  dark  spf 
may  therefore  be  regarded  as  tfw  distance  through  vjhich  the  electrons  fall 
4mler  to  (Utain  svjflnent  nurf/y  to  ionise  th^  gas  hy  collision  with  its  mokcules. 

The  influence  of  the  current  density  upon  this  phenomenon  explains  t 
fact  of  its  being  overlooked  during  the  work  on  the  Crookes  dark  space 
hydrogen,  since  only  high-current  densities  were  then  employed. 

The  first  test  of  the  above  theory  is  the  constancy  of  the  fall  of  potenti 
This,  by  the  distribution  of  force  quoted,  is  fV^/D(l  —  J(^//D)2-f .  .  . 
whiu'e  V  is  the  total  fall  of  potential  across  the  Crookes  dark  space,  whi< 
in  the  absiuice  of  any  trace  of  positive  column,  has  been  shown  to 
practically  the  wuno  as  the  difference  of  potential  between  the  electrode 
iSince  d  is  very  much  smaller  than  D,  and  the  error  of  its  measuremc 
comi)arativoly  great,  the  second  term  may  be  neglected.  The  followi 
tables  for  hydrogen  and  helium  show  that,  over  a  large  range,  the  fall 
lK)t(;ntial  acn^sa  the  new  dark  space  is  constant  within  experimental  err 
and  is  for  hydrogen  15  volts,  luiium  30  volts. 

Assuming  for  the  value  of  the  charge  on  an  electron  3*4  x  10~^'^  C.G.S.,  t 
gives   for   the   minimum    energy   required    to    ionise   an    atom  of   hydroi 
1*7  X  10""    ergs;    of  helium,    3*4xl0~"   ergs.      Again,    taking   I'T  x  10' 
the  value  of  e/m  in  electromagnetic  units,  the  minim  if  m  ionisation  itcIoc 
is  for  hydrogen,  2*2r)  x  10*  em.  per  steo^id  ;  helium,  3*2  x  10^  em.  per  see^ynd, 
*  Loc.  cit.  t  Loc.  cit. 
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Appearances  of  the  Nim  Dark  Space, — Fig.  1  gives  a  diagi*ammatic  section 
of  the  cathode  discharge  in  helium  at  about  1  mm.  pressure,  with  a  com- 
pajratively  low  current  density.     The  appearance  may  be  broadly  divided 


FlQ.  1. 
c,  cathode  ;  d^  new  dark  space  ;  D,  Crookes  dark  space  ;  N,  negative  glow. 

into  three  bands:  an  intensely  black  one  of  the  order  of  0'05  cm.,  the 
new  dark  space,  followed  by  a  region  of  moderate  greenish  light  of  length 
about  1  cm.,  the  Crookes  dark  space,  terminating  finally  in  the  brilliant 
bluish-green  "  negative  glow." 

Plate  1,  fig.  1,  is  an  actual  photograph  of  the  discharge,  clearly  showing  the 
relative  proportions.  As  the  camera  was  placed  close  to  and  level  with  the 
cathode,  the  curvature  of  the  edge  of  the  Crookes  dark  space  is  greatly 
exaggerated. 

Plate  1,  fig.  2,  shows  the  appearance  of  the  discharge  at  a  very  much  lower 
current  density.  The  Crookes  dark  space  has  lost  all  its  distinctness  of 
outline,  while  the  new  dark  space  is  still  sharply  defined,  and  much  larger 
than  in  fig.  1. 

The  theory  given  above  is  well  supported  by  the  intense  blackness  of  the 
new  dark  space  in  pure  helium  and  hydrogen,  and  by  this  theory  the 
following  efiect  was  predicted  : — 

Consider  the  motion  of  the  first  generation  of  electrons  starting  from  rest 
at  the  surface  of  the  cathode  in  a  field,  for  simplicity  assumed  uniform.  Let 
d  be  the  distance  through  which  they  must  freely  fall  in  such  a  field  to 
obtain  sufficient  velocity  to  ionise  the  gas.  If  d  is  smaller  than  the  mean 
free  path  of  an  electron  under  such  conditions,  we  should  expect  just  beyond 
d  a  maximum  iouisation  and  a  corresponding  maximum  light,  gradually 
fading  as  we  recede  from  the  cathode  and  the  energy  of  the  electrons  is 
dissipated.  But,  by  the  time  a  point  2d  from  the  cathode  is  reached,  the 
second  generation  of  electrons,  formed  by  collisions  at  d^  will  have  attained 
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ionisation  velocity,  so  that  there  should  be  another,  but  less  sharply  defines 
maximum  of  light  at  a  point  just  beyond  2d,  another  beyond  3rf,  and  so  oi 
each  getting  more  indistinct,  so  that  the  faint  liglit  in  the  Crookes  dark  spac 
should  be  striated  near  the  cathode.  It  is  clear  that  this  effect  will  be  at  il 
maximum  when  d  is  of  the  same  dimensions  as  the  mean  free  path  of  a 
electron  under  stated  conditions. 

Of  this  effect  only  the  first  maximum  was  observed  in  hydrogen,  but  i 
helium,  at  comparatively  high  pressures  and  very  low  current  densities,  th 
striation  could  be  plainly  seen  and  photogi-aphed.  Fig.  3,  Plate  1,  is  th 
i-eproduction  of  the  discharge  in  helium  at  a  pressure  (beyond  the  range  of  th 
manometer)  of  2  to  3  mm.  With  a  current  so  small  as  barely  to  cover  th 
surface  of  the  cathode,  the  curvature  of  the  edge  of  the  new  dark  space,  du 
to  the  current  density  not  being  uniformly  distributed  over  the  cathode, : 
<Jearly  shown.  Three  distinct  maxima,  and  traces  of  a  fourth,  could  I 
^letected  on  the  original  negative.  It  is  interesting  to  note  that  the  potentic 
between  the  electrodes  in  this  particular  experiment  was  well  below  200  volt 
^o  that  the  effect  can  be  shown  with  ease  by  means  of  a  suitable  tube  and  a 
•ordinary  lamp  circuit. 

In  such  striated  discharges  the  distances  between  the  cathode  and  th 
first  maximum  and  between  the  first  and  second  maxima,  after  allowance 
are  made  for  the  distribution  of  electric  force,  correspond  to  equal  falls  ( 
1K)tential  as  nearly  as  can  be  estimated.  This  conclusion  is  of  important 
for,  since  the  second  maximum  is  caused  presumably  by  electrons  forme 
from  molecules  of  the  gas  itself,  their  initial  velocity  must  be  negligibl 
therefore  the  initial  velocity  of  those  causing  the  first  maximum  muj 
similarly  be  nej^ligible,  so  that  in  helium  the  electrons  may  be  taken  8 
starting  from  an  aluminium  cathode  at  rest,  and  the  values  of  minimui 
ionisation,  energy,  and  velocity  already  evaluated  for  that  gas  becom 
approximately  absolute. 

Ocntrrence  of  tJie  New  Dark  Space. — It  was  naturally  expected  that  thi 
interesting  phenomenon — for  which  the  name  "  primaiy  cathode  dar 
space"  has  been  suitably  sugjjested — might  be  detected  in  other  gase 
when  the  best  conditions  for  its  exhibition  had  been  discovered.  Up  t 
the  time  of  writing,  however,  not  the  slightest  indication  of  it  has  bee 
observed  in  air,  nitrogen,  oxygen,  argon,  or  carbon  monoxide.  For  this  tw 
explanations  are  naturally  suggested  if  the  theoiy  given  above  is  substantiall 
correct,  either — 

(i)  The  molecules  of  these  gases  have  so  low  an  ionisation  energy  that  "  d 
is  too  small  to  be  detected  ; 

{ii)  The  electrons  liberated  from  the  surface  of  aluminium  by  the  impac 
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Fig.  1. 


Fig.  2. 


Fig.  3. 


Tlie  wliite  line  on  the  left  of  each  of  the  figures  i-ept'esentn  the  poHition  of 
the  edge  of  the  cathode. 
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jf  positive  ions  of  these  gases  start  with  sufficient  velocity  to  ionise  at  their 
^^ery  outset,  in  which  case  the  phenomenon  would  not  exist  at  all. 

Some  results  obtained  from  observation  of  the  length  of  d  in  mixtures  of 
lelium  and  oxygen,  which  require  further  investigation,  show  that  the  latter 
is  the  more  probable  explanation. 

In  conclusion,  I  wish  to  express  my  heartiest  thanks  to  Professor  J.  H. 
['oynting  for  his  kind  help  and  encouragement  throughout  this  research. 
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0-047 

9-9 

1-762 

0-048 

19-5 

r  415 

3-850 

0-093 

10-0 

/454 
1530 

2-710 

0-121 

20-3 

4  645 

3-410 

0-067 

10-6 

2-499 

0-098 

20-7 

L840 

2-920 

0-037 

10-6 

770 

3-168 

0-090 

21-8 

^V"  =  Potential  difference  in  Tolts  between  electrodes. 
T>  =  Length  of  Crookes  dark  space  in  cm. 
^  =  Length  of  new  dark  space  in  cm. 

'X'he  pressures  range  in  hydrogen  from  O'l   to   1-0   mm.,  in  helium  from  0-4  to  3*0  mm. 
^o-^«ted  measurements  were  performed  at  the  same  pressure. 
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Oh  the  Presence  of  Sulphur  in  some  of  the  Hotter  Stars. 
By  Sir  Norman  Lockyer,  K.C.B.,  LL.D.,  ScD.,  F.R.S, 

(Received  May  8,— Read  June  20,  1907.) 
[Platb  2.] 

In  connection  with  a  particular  study  of  the  green  r^on  of  stella 
spectra,  photographs  of  the  spectra  of  several  of  the  brighter  stars  hav 
recently  been  obtained  at  Kensington,  using  the  two  6-inch  Henry  prismi 
An  excellent  photograph  of  the  spectrum  of  Rigel  is  amongst  thoe 
secured,  and  the  increased  dispersion  available  has  afforded  evidence  whic 
abundantly  verified  my  previous  conclusions  as  to  the  presence  of  sulphur  i 
the  hotter  stars.  With  regard  to  the  occurrence  of  sulphur,  I  stated  i 
*  Inorganic  Evolution,'  p.  169,  "  The  evidence  also  suggests  sulphur,  and  th: 
is  all  the  more  probable  because  of  the  simplicity  of  its  spectrum  series." 

In  the  course  of  the  reduction  to  wave-lengths  of  the  lines  in  this  recei 
Rigel  photograph,  an  isolated  clecu-ly  defined  line  was  found  at  about  \  4815''! 
which  had  not  been  observed  in  any  previously  studied  stellar  spectn 
Reference  to  Watts'  *  Index  of  Spectra '  showed  that  there  was  a  strong  lin 
of  sulphur  close  to  that  position  recorded  by  Hasselberg.  On  referring  t 
Eder  and  Vakiutii's  record*  of  the  sulphur  spectrum,  a  strong  line  was  foum 
of  wave-length  4811*967.  This  was  so  large  a  discrepancy  from  Hasselberg' 
wave-length  that  a  Kensington  photograph  of  the  spark  spectrum  of  sulphu 
was  exaiiiine<l,  and  a  very  strong  and  isolated  sulphur  line  was  found  a 
\  4815*3  aH  nearly  as  could  l)e  estimated.  It  thus  became  fairly  obvious  tha 
tlie  wave-length  4811*967  given  by  Eder  and  Valenta  was,  for  some  reason  o 
other,  in  error.  Dr.  Eder  was  communicated  with  in  reference  to  this  line 
with  the  result  that  he  explained  the  discrepancy  as  being  due  to  a  clerica 
iivrov  in  j)ublishing  the  wave-lengths.     It  should  have  been  4814*967. 

To  test  further  whether  there  was  a  real  identity  between  the  stellar  anc 
the  laboratory  lines,  the  new  Rigel  spectnim  was  carefully  examined  in  th( 
region  covered  by  tlie  characteristic  grouj)  of  sulphur  lines  extending  fron 
X4142  to  X4175.  It  was  found  that  there  were  stellar  lines — none  of  then 
very  strong,  but  undoubtedly  genuine — agreeing,  as  nearly  as  could  hi 
(istimated,  with  each  of  the  members  of  that  group.  Other  parts  of  thi 
HiKJCtrum  also  showed  lines  in  the  position  of  other  strong  sulphur  lines.  Ii 
fact,  there  are  only  about  three  of  the  strongest  sulphur  lines,  in  the  regior 

*  *  I^itriige  zur  Photocbeniie  und  Spectralanalyse/  p.  282,  Vienna,  1904. 
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whei-e  a  comparison  is  possible,  which  appear  to  be  lacking  in  the  stellar 
spectrum.    These  exceptions  will  be  discussed  later. 

The  following  table  gives  the  wave-lengths  of  the  strongest  sulphur  lines  as 
measured  from  the  Kensington  photographs  of  the  vacuum-tube  and  spark 
spectra,  the  vacuum-tube  wave-lengths  of  the  corresponding  lines  as  recorded 
by  Eder  and  Valenta,  and  the  wave-lengths  and  intensities  of  the  Rigel 
lines  which  closely  agree  in  position  with  the  sulphur  lines.  For  the  sulphur 
lines  beyond  \  4653,  Eder  and  Yalenta's  wave-lengths  of  the  vacuum-t\ibe 
lines  are  used  in  the  tables,  as  the  existing  Kensington  photographs  of  the 
sulphur  spectrum  in  that  region  are  not  of  suflBcient  dispersion  to  furnish 
accurate  reductions  to  wave-length.  In  the  region  4100 — 4553  the 
Kensington  reductions  of  the  wave-lengths  of  the  sulphur  lines  are  given  in 
the  table  for  both  vacuum-tube  and  spark  spectra.  The  former  were  reduced 
by  means  of  Hartmann's  formula  from  a  photograph  taken  with  the  3-inch 
Cooke  spectrograph,  the  latter  by  a  direct  comparison  of  the  Bowland 
grating  spectra  of  the  sulphur  spark  and  the  sun. 

The  wave-lengths  of  the  stellar  lines  were  obtained  in  most  cases  by 
interpolation  between  lines  whose  wave-lengths  are  well  known.  For  several 
of  the  fainter  lines  which  would  not  stand  magnification  under  the  micro- 
meter the  wave-lengths  were  obtained  as  accurately  as  possible  by  direct 
comparison  with  a  solar  spectrum  photographed  with  the  same  instrument. 

The  stellar  wave-lengths  must  be  accepted  as  only  provisional,  but  they 
are  probably  accurate  within  0*3  tenth-metres. 

A  comparison  of  the  wave-lengths  of  the  sulphur  lines,  as  reduced  from 
the  spark  spectrum  and  vacuum-tube  spectrum  respectively,  shows  that  in 
nearly  all  cases  the  vacuum-tube  wave-lengths  are  about  0*5  tenth-metres 
less  than  the  spark  wave-lengths.  This  has  been  pointed  out  before  by  Eder 
and  Valenta,*  who  give  a  photographic  comparison  of  some  of  the  stronger 
sulphur  lines  as  they  respectively  occur  in  the  vacuum-tube  spectrum  and 
the  spark  spectrum,  and  show  that  the  sharply  defined  lines-  of  the  former 
occupy  positions  near  the  more  refrangible  edges  of  the  diffuse  lin^s  of  the 
latter.  Notable  exceptions  to  this,  as  was  also  pointed  out  by  Eder  and 
Valenta,  are  the  two  strong  lines  at  XX  4253*8,  4285*1  which  show  practically 
no  shift  in  passing  from  one  spectrum  to  the  other.  These  two  lines  occur 
quite  prominently  in  all  the  Kensington  spectra  of  sulphur,  under  whatever 
conditions  they  have  been  obtained,  but  they  are  of  a  different  nature  to 
the  other  strong  sulphur  lines,  being  far  more  compact  and  sharply  defined. 
In  Hagenbach  and  Konen's  record  of  the  sulphur  spectrum,  the  reproductions 
of  their  photographs  show  these  lines  as  having  far  inferior  intensity  to  those 
*  '  Beitrage  zur  Photochemie  und  Spectralanalyse,'  Plate  15,  VieDiia,  1904. 
VOL.   LXXX. — A.  S 
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of  the  same  lines  in  the  Kensington  and  Eder  and  Valenta's  photographs.  It 
seems  taitlj  probable,  then,  that  under  certain  conditions  these  sulphur  lines 
disappear  from  the  laboratory  spectra,  and  that  similar  conditions  pertain  in 
the  absorbing  atmosphere  of  the  star,  in  the  spectrum  of  which  the  lines  in 
question  cannot  be  traced. 

Another  line  which  is  doubtfully  present  in  the  star  is  that  at  \  4295. 
There  are  several  weak  lines  in  Bigel  from  about  4290  to  4303,  most  of  them 
probably  due  to  proto-iron  or  proto- titanium,  but*  the  nearest  to  the  wave- 
length of  the  sulphur  line  appears  to  be  about  4294*3. 

With  the  possible  exception  of  line  4163*0,  none  of  the  Rigel  lines  given 
in  the  preceding  list  is  given  by  Pickering*  in  his  record  of  lines  in  the 
stellar  spectrum.  He  gives  a  line  at  4163*9  and  m&Jces  it  identical  with 
4163*9  in  aCygni.  Oomparison  of  the  Kensington  two-prism  photographs 
of  these  two  stellar  spectra,  however,  shows  most  distinctly  that  they  are  not 
identical  The  Bigel  line  is  probably  4163*0  (sulphur),  that  in  a  Cygni 
undoubtedly  4163*9  (proto-titanium). 

The  following  table  contains  the  lines  recorded  by  Keelerf  in  the 
spectrum  of  Bigel  in  the  region  between  H^  and  D.  He  did  not  give  any 
origins  for  the  majority  of  the  lines.  The  probable  origins  added  to  the 
table  are  suggested  as  a  result  of  the  Kensington  investigations  of  the 
relation  of  the  stellajr  lines  to  lines  in  terrestiial  spectra. 


Sigel  lines  (Keeler). 

Probable  origin 
(Kensington). 

\  of  probable  origm. 

\. 

Bemftrks. 

4861 
4084 

6016 

6088 
6066 

6168 
6816 
6464 

6876 

6890F 

6886F 

H^.    Very  strong. 
Vniilj  strong 

Strong 

Verrweak 

Weak   • 

FeP    PairlT  strong 

Weak 

Weak 

D,.    Very  strong, 
g}  Suspected. 

r         Asterium 
1         Proto-iron 
J        Asterium 
t        Proto-iron 
Sulphur 
Silioum  (Group  II) 
Proto-iron 
Proto-iron 
Sulphur 

4922*10 

4824*11 

6016-78 

6018*68 

6088*0 

6057*0 

6169*22 

5816  -79 

6454*0 

It  will  be  seen  that  the  only  lines  not  traceable  to  elements  which  have — 
from  considerations  of  lines  in  other  parts  of  the  stellar  spectrum — been 


♦  « Annalfl  Harv.  Coll.  Oba./  vol  28,  Part  I,  p.  79. 
t  *  AbL  and  Ast.  Phy&/  voL  IS^  p.  489. 
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found  to  be  represented  in  the  star  are  the  two  lines  5033  and  5454.  As 
there  are,  according  to  Eder  and  Yalenta,  two  strong  sulphur  lines  at 
W  5032*66  and  5454*00  respectively,  it  would  appear  that  this  is  genuiiie 
confirmatory  evidence  that  sulphur  is  really  represented  in  the  Bigel 
spectrum.  The  line  5033  is  well  marked  in  the  Kensington  stellar  speotmrn, 
but  Keeler's  line  5454  is  beyond  the  region  over  which  the  Kensingfeon 
photograph  extends.  There  are  several  other  strongly  marked  salphur  lines 
in  the  region  5400  to  55o6,  and  it  is  quite  probable  that  if  stellar  photo- 
graphs are  obtained  extending  more  into  the  yellow  than  the  existing  one, 
these  lines  will  also  be  found  to  occur  in  the  stellar  spectrum. 

The  best-marked  Rigel  lines  which  are  probably  due  to  sulphur  have  been 
looked  for  in  the  spectra  of  a  Cygni  and  Sirius,  which  represent  the  next 
lower  stage  on  the  temperature  classification.  Tlie  lines  cannot,  however,  be 
traced.  If  they  do  really  exist  in  these  spectra,  they  are  so  exoeedingly 
faint  as  to  defy  detection  in  the  existing  stellar  photographs.  In  Bellatrix, 
however,  representing  a  higher  stage  than  Rigel,  some  of  the  stronger  Bigel- 
sulphur  lines,  of  which  may  be  mentioned  4715*9  and  4815'7,  are  oertainly 
present,  but  not  so  well  marked  as  in  Bigel.  A  really  successful  photograidi 
of  the  Bellatrix  spectrum  has  not,  however,  been  yet  obtained  with  the  two 
prisms,  and  it  is  expected  that  when  one  is  obtained  other  sulphur  lines  will 
be  traced.  It  has  not  yet  been  possible  to  investigate  whether  the  lines 
occur  at  the  Alnitamian  stage,  as  no  satisfactory  spectrum  of  a  star  of  tlus 
typo  has  yet  been  photographed  with  two  prisms. 

The  excellent  photograph  of  the  lUgel  spectrum  in  which  the  sulphur  lines 
were  traced  was  obtained  l)y  Mr.  W.  E.  Kolston.  The  stellar  lines  were  found, 
and  their  identity  with  the  sulphur  Hues  established,  by  Mr.  F.  E.  Baxandall, 
who,  with  the  assistance  of  Mr.  H.  E.  Goodson,  reduced  the  wave-lengths  of 
the  stellar  and  terrestrial  lines.  The  photographs  of  the  sulphur  spectrum 
used  in  the  discussion  were  taken  by  Mr.  C.  P.  Butler.  Mr.  Baxandall  has 
also  taken  i>art  in  the  preparation  of  the  paper. 

REFERENCE  TO  PLATE. 

PULTM  2  shows  the  Rpeotniin  of  Rijjel,  from  X  4123  to  X  5076.  The  stronger  sulphur  lines 
wliicli  ocvur  in  tho  8i»ark  aiv  ilenoted  by  S.  The  origins  and  wave-lengths  of  several 
of  the  outstjuulin^  lines  of  the  st^lhir  sjKJctrum  ai*e  also  indicated. 

An  up-and-down  positive  was  tirnt  obtained  from  the  original  negative,  a  direct 
negative  then  made  fixnn  it,  and  fnnn  this  a  seven-times-enlarged  positive  print 
The  scale  of  the  n^pro^luction  is  about  six  times  that  of  the  original  negative. 


Roy.  Soc.  Proc,  A,  vol.  80,  Plate  2. 
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[Addendum,  October  17, 1907.] 
Since  the  foregoing  paper  was  written,  further  facts  have  been  obtained 
regarding  the  occurrence  of  sulphur  lines  in  the  hotter  stars.  In  the  paper  it 
was  mentioned  that  two  strong  sulphur  lines  of  special  behaviour,  4253*8, 
4285*1,  are  lacking  in  the  Rigel  spectrum,  in  w.hich  the  strongest  ordinary 
spark  lines  occur.  These  two  lines  have  since  been'  found  to  exist  in  spectra 
representing  higher  stages  of  temperature  than  that  of  Rigel,  such  as 
7  Orioms  (Crucian)  and  €  and  tc  Ononis  (Alnitamian).  Reference  to 
Pickering's*  records  of  stellar  spectra  shows  that  he  also  gives  the  lines  in 
the  stars  named  below,  thus : — 


Star  (Pickering). 

Type  (Kensington). 

X. 

Int. 

0  Centauri 
«  Orioms 
y  Orionis 
a  PaTonis 

Grooian 
Alnitamian 
Grooian 
Crucian 

f4264-l 
14286-1 
J42541 
\4286-l 
r4264  1 
X4286  1 
/4254  1 
14286 -1 

4 
3 
8 
2 
2 
2 
1 

0 

1 

It  will  be  noticed  that  the  relative  intensity  of  the  two  lines  is,  in  general, 
the  same  in  the  different  stars,  4254*1  being  the  stronger.  This  agrees  with 
their  relative  intensity  in  the  sulphur  spectrum  itself. 

In  a  paper  on  "The  Spectra  of  Silicon,  Fluorine,  and  Oxygen,"  Luntf 
records  an  oxygen  line  at  4254*22,  and  associates  it  with  a  stellar  line  at  the 
same  wave-length.  In  the  light  of  the  other  oxygen  lines  occurring  in  the 
Crucian  and  Alnitamian  stars,  the  stellar  line  in  question  is  too  strong  to  be 
accounted  for  solely  by  the  oxygen  line,  which  is  relatively  weak.  The  true 
origin  is  far  more  likely  to  be  sulphur,  especially  as  the  line  is  generally 
accompanied  by  4285*1,  which  cannot  be  attributed  to  oxygen.  In  fact,  the 
two  stellar  lines  under  discussion  cannot  be  satisfactorily  explained  by 
reference  to  the  lines  of  any  of  the  other  elements  already  shown  to  be  repre- 
sented in  Crucian  and  Alnitamian  stars.  These  are  helium,  hydrogen, 
silicium,  calcium,  magnesium,  oxygen,  nitrogen,  and  carbon. 

As  these  sharply-defined  lines  in  the  sulphur  spectrum  decrease  in 
intensity,  relatively  to  the  diffuse  lines,  when  self-induction  is  introduced,  we 
should  expect  them  to  appear  at  a  higher  level  of  stellar  temperature  than 
the  set  of  sulphur  lines  which  appears  in  Eigel  (in  which  star,  it  must  be 
remembered,  the  sharp  lines  are  missing).  The  fact,  therefore,  that  there  are 
♦  *  Annals  Hanr.  Coll.  Obs./  vol  28,  Part  II,  p.  236. 
t  <  Annals  of  the  Cape  Oheervatoiy,'  vol.  10,  p.  33  B. 
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corresponding  lines  in  the  Crucian  and  Alnitamian  stars,  which  come  higher 
up  the  temperature  curve  than  the  Bigelian,  seems  to  leave  no  doubt  as  to 
the  genuineness  of  the  identification. 

The  Rigelian  group  of  sulphur  lines  has  not  been  detected  in  c  Ononis, 
though  one  or  two  of  the  strongest  lines  have  been  traced  in  the  best 
Kensington  spectrum  of  Bellatriz  (Crucian).  The  following  represents  the 
relative  and  inverse  behaviour  of  the  two  sets  of  lines  in  stellar  spectra. 


Group. 

T^ypertar. 

Sharp  lines  (4264, 42S6). 

Diifnse  lines. 

Alnitamiaii 
Oracian 

Bigelian 

f  Ononis 
7  Ononis 

3  Ononis 

WeU  shown 

Present,  but  weaker  than  in 

•  Ononis 

Absent 

Absent 

Strongest  lines  present,  but 

weaker  than  in  3  Orionis 

WeU  shown 

Note  on  the  Association  of  Helium  and  Thorium  in  Minerals. 
By  the  Hon.  R  J.  Strutt,  RRS. 

(Beceived  September  10,— Bead  November  7,  1907.) 

The  question  has  been  often  raised  of  whether  or  not  helium  is  a  product 
of  thorium  radio-activity.  My  own  view  throughout  has  been  that  it  is.* 
Mr.  Boltwood  has  recently  argued  that  the  helium  in  radio-active  minerals 
may  always  be  attributed  to  the  action  of  the  uranium-radium  series  of 
transformations.!  I  wish  in  the  present  note  to  draw  attention  to  a  case 
where  that  view  is  clearly  untenable. 

Prof.  Julius  Thomsen,  of  Copenhagen,  described,  in  1898^  a  helium 
mineral  from  Ivitgut,  Greenland,  similar  in  some  respects  to  fluor  spar,  but 
containing  rare  earths.  Becently  he  has  determined  the  quantity  of  helium 
liberated  on  heating  as  27  cc.  per  kilogramme.  § 

Prof.  Thomson  kindly  sent  me  a  supply  of  this  mineral.  I  have  carefully 
tested  it  for  radium,  and  find  that  it  contains  no  more  than  the  traces  which 
are  ubiquitous  in  rocks  and  minerals.    The  quantity  found  was,  in  fact,  about 

♦  «Boy.  See.  Proc.,'  vol  73,  p.  191, 1904,  also  March  2, 1906. 

t  *  Am.  J.  ScL,'  vol.  23,  February,  1907,  p.  77. 

I  '  Zeita.  Phjsikalische  Chemie,'  vol.  25,  part  3. 

§  '  BulL  de  TAcad.  Boyale  dee  Sdenoea,  Copenhagen,'  1904,  53—67. 
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e  same  as  in  average  rocks,  and  is  insufficient  to  account  for  one-hundredth 
xt  of  the  helium  present. 

On  the  other  hand,  a  solution  of  the  mineral  gave  abundant  thorium 
sanation.  I  am  inclined  to  think  that  there  is  some  unknown  complicatior 
K)ut  the  thorium-emanating  power  of  solutions,  which  makes  it  unsafe,  in 
rtain  cases  at  least,  to  infer  from  it  the  quantity  of  thorium  present.  But 
lOugh  thorium  emanation  was  given  off  by  the  solution  to  show  that 
loiium  was  a  substantial  constituent  of  the  mineral.  I  regard  it  as  entirely 
Ttain  that  the  helium  in  this  mineral  has  not  been  generated  in  situ  by 
ranium  or  radium,  and  have  no  hesitation  in  connecting  it  with  the  presence 
f  thorium. 


On  the  Measurement  of  Temperatures  in  the  Cylinder  of  a  Gas 

Engine. 

\j  Professor  H.  L.  Callkndab,  F.RS.,  and  Professor  W.  E.  Dalby,  M.A., 

KlnstCj;. 

(Received  October  8,— Read  November  7, 1907.) 

1.  Introdtictory, — It  is  important  in  the  experimental  investigation  of  the 
itemal  combustion  engine  to  be  able  to  measure  directly  the  temperature  of 
le  working  fluid  at  some  point  of  the  cycle.  If  the  temperature  at  a 
litable  point  of  the  cycle  is  known,  the  laws  of  gases  enable  us  to  calculate 
le  temperature  at  any  other  point  during  compression  and  expansion  from 
le  indicator  diagram  on  the  assumption  that  the  mass  remains  constant  and 
lat  the  molecular  change  occurring  in  combustion  is  known.  The  method 
nially  employed  has  been  to  estimate  the  temperature  at  the  beginning  of 
impression  (the  temperature  at  this  point  is  sometimes  referred  to  as  the 
suction  temperature  ")  by  computing  the  total  mass  of  the  cylinder  contents 

this  point  from  a  knowledge  of  the  gas  and  air  supply  and  an  estimate  of 
le  temperature  and  mass  of  the  contents  of  the  clearance  space.    But  this 

an  indirect  and  troublesome  method,  and  some  of  the  data  required  are 
:tremely  uncertain.  Direct  measurements  of  the  temperature  in  the 
Under  under  working  conditions  have  hitherto  failed  for  various  reasons, 
rofessor  F.  W.  Burstall*  was  the  first  to  employ  the  platinum  thermometer 
r  this  purpose.  He  used  wires  0*0025  and  0*0015  inch  in  diameter,  and 
stained  a  good  deal  of  valuable  information  from  his  experiments,  but  he 
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did  not  suooeed  in  measuring  the  temperature  under  ordinary  working 
conditions.    In  his  latest  report*  he  says : — 

*'  All  attempts  to  use  these  wires  with  an  engine  firing  at  every  second 
revolution  resulted  in  the  destruction  of  the  wire  before  a  sufficient  number 
of  observations  could  be  taken.  The  temperatures  have,  therefore,  been 
measured  on  an  engine  running  dead  light,  that  is  firing  about  one  in  six  of 
the  possible  explosions." 

These  conditions  are  quite  abnormal,  and  the  results  from  these  experi- 
ments cannot,  therefore,  throw  much  light  on  the  question  of  the  temperatures 
corresponding  to  full  load  conditions-f 

Professor  B.  Hopkinsont  has  recently  suggested  that  the  suction  tempera- 
ture might  be  measured  with  a  wire  sufficiently  thick  to  withstand  the 
explosion  temperature  without  melting,  aud  has  developed  an  ingenious 
method  of  correcting  the  indications  of  a  thick  wire  so  as  to  deduce  the 
temperature  of  the  gas  in  the  cylinder.  The  method  of  correction,  though 
somewhat  elaborate,  appears  to  have  been  satisfactory  for  temperatures  up  to 
300^  C,  but  his  final  conclusion  is  as  follows : — 

**  The  large  size  of  the  wire  (namely,  0O04  inch)  was  chosen  because  it  was 
intended  ultimately  to  use  it  for  measuring  the  suction  temperature  when 
the  engine  was  working  in  the  ordinary  way,  taking  in  and  firing  a  charge  of 
gas«  But  it  was  found  that  even  this  large  wire  always  fused  before  any 
olieervations  could  be  taken.  A  still  thicker  wire  might  of  course  have  beeu 
used  for  the  purpose,  but  die  correction  would  then  have  been  so  great  as  to 
make  the  results  valueless.** 

2.  MMod  emplofftd  fty  the  Attfhors. — In  order  to  avoid  troublesome  and 
uncert4un  corrections,  it  is  necessary  that  the  wire  employed  should  be  fine 
enough  to  follow  the  changes  of  temperature  of  the  gas  very  closely  during 
suction  and  compression.  To  employ  such  a  wire  in  the  cylinder  under 
working  conditions,  it  is  further  necessary  that  it  should  be  perfectly 
screened  from  the  flame  during  explosion.  Any  apparatus  for  the  introduc- 
tion and  withdrawal  of  the  thermometer  must  be  such  as  not  to  make  any 
change  in  the  usual  form  and  extent  of  the  clearance  surface  during  the  time 
inter>*al  comprising  the  end  of  compression.  Otherwise  the  normal  conditions 
of  working  would  be  changed,  and  a  risk  of  pre-ignition  would  be  introduced. 
The  arrangement  used  by  the  authors  was  designed  to  satisfy  these  con- 
ditions.  Tlic  thermometer  was  oontaincil  in  a  small  valve  (T,  fig.  1),  called  the 
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thermometer  valve,  inserted  through  the  spindle  of  the  admission  valve  A, 
which  was  bored  out  to  receive  it.  The  admission  valve  casting  C  is  shown 
detached  from  the  engine  cylinder,  and  the  thermometer  valve  T  is  shown 


open  to  its  fullest  esttMi^  the  maximum  lift  being  1*5  inches.  The  head  W 
of  the  valve  T  has  a  seating  in  the  head  of  the  admission  valve  A.  The 
valve  T  is  closed  by  a  spring  U,  shown  in  compression,  acting  on  a  nut  N. 
The  thermometer  leads  are  enclosed  in  a  brass  tube  B  fitting  inside  the 
spindle  of  the  valve  T.  The  tube  can  be  inserted  or  withdrawn  without 
dismounting  the  valve.  It  is  held  in  place  by  a  collar  D  which  is-screwed 
home  against  the  nut  N.  The  platinum  wires  forming  the  thermometer  are 
seen  at  P.  The  head  W  of  the  valve  T  is  connected  to  the  tube  forming  the 
spindle  by  the  two  ribs  R  and  E,  which  are  made  as  thin  as  possible  in  order 
to  leave  the  platinum  wires  freely  exposed  to  the  gas  when  the  valve  is 
pushed  in. 

Two  views  of  the  combined  admission  and  thermometer  valves  are  shown 
in  figa  2  and  3  reproduced  from  photographs,  fig.  2  showing  the  thermometer 
valve  opened  to  its  fullest  extent,  ^^.  3  showing  it  closed. 

The  gear  for  operating  the  thermometer  valve  is  shown  diagrammatically 
in  fig.  4.  A  fixed  casting  F  carries  a  shaft  Q,  to  which  is  keyed  a  long 
lever  L,  and  a  short  lever  /.  The  short  lever  ends  in  a  roller  which  is  held 
up  by  a  spring  against  the  cam  E,  keyed  to  the  lay  shaft  of  the  engine.  The 
end  of  the  long  lever  L  acts  on  the  nut  N  at  the  end  of  the  theimometer 
valve  T,  and  is  forked  so  as  to  clear  the  brass  tube  B  of  the  thermometer. 
The  end  of  the  lever  operating  the  admission  valve  A  is  similarly  forked  to 
clear  the  thermometer  valve  T.  Any  desired  timing  of  the  exposure  of  the 
thermometer  valve  T  in  the  cylinder  may  be  obtained  by  adjusting  the  form 
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and  poritdon  of  the  cam  E.  In  the  gas  trials  described  below  the 
thermometer  valve  was  arranged  to  open  during  suction  and  close  towards 
the  end  of  compression. 

3.  The  Platinum  Thermometers. — ^The  platinum  thermometers  and  accessory 
apparatus  for  observing  the  temperatures  were  similar  to  those  employed  by 
Callendar  and  Nicholson  in  their  experiments  on  the  steam-engine,*  but  the 
thermometers  were  of  somewhat  simpler  construction,  since  they  were  not 
required  to  be  exposed  to  high  pressures  or  temperatures.  The  leads  were  a 
pair  of  twin  wires,  insulated  with  rubber  and  cotton,  and  were  fixed  gas  tight 
in  the  brass  containing  tube.  The  projectiug  ends  of  the  copper  leads  were 
held  in  place  with  mica  washers.  A  loop  of  platinum  wire,  0*001  inch 
diameter  and  1  inch  long,  was  soldered  to  the  ends  of  the  thermometer  leads. 
The  ends  of  the  compensator  leads  were  similarly  connected  by  a  loop  of  the 
same  wire,  f  inch  long.  The  thermometer  and  compensator  were  connected 
to  opposite  sides  of  the  Wheatstone  bridge,  so  that  the  bridge  reading  gave 
the  difference  of  resistance  between  them,  corresponding  to  the  resistance  of 
the  middle  !•  inch  of  the  thermometer  loop.  This  provision  of  a  compensating 
loop  has  often  been  overlooked,  but  is  most  essential  when  using  short  loops 
of  fine  wire  for  the  measurement  of  rapidly  varying  temperatures.  The  ends 
of  the  fine  wire  loops  close  to  the  leads  are  affected  by  conduction  of  heat  to 
or  from  the  leads,  and  cannot  follow  the  rapid  variations  of  temperature ; 
but  the  end  effect  is  eliminated  by  observing  the  difference  between  two  loops 
of  different  lengths.  The  lengths  of  the  loops  were  chosen  so  as  to  give  with 
the  wire  actually  employed  a  change  of  resistance  of  1  ohm  approximately 
for  100°  C.  Shorter  lengths  might  have  been  employed  without 
material  reduction  of  sensitiveness,  but  the  above  lengths  were  found  to  be 
sufficiently  stiff  to  stand  the  commotion  in  the  cylinder  satisfactorily  for  loug 
periods.  After  each  run  the  thermometer  was  removed  and  placed  in  a 
tube  in  a  vessel  of  water.  Its  resistance  was  then  measured  at  the 
temperature  of  the  laboratory,  in  order  to  test  for  variations  of  the  zero.  It 
was  fouud  that  the  zero  was  generally  raised  after  a  run  of  half  an  hour  or 
so  by  about  one-fifth  of  a  degree  C,  owing  to  slight  strain  or  distortion  of  the 
wire ;  but  it  was  easy  to  take  accoimt  of  these  small  changes,  which  would 
not,  if  neglected,  however,  have  materially  affected  the  accuracy  of  the 
measurements.  The  current  employed  in  measuring  the  resistance  was  about 
the  1/200  part  of  an  ampere.  The  heating  effect  of  this  current  on  the  thermo- 
meter was  measured  and  found  to  be  less  than  a  quarter  of  a  degree  G.  The 
same  current  was  employed  in  determiuing  the  fimdamental  interval  of  the 
thermometers.    The  heating  effect  could  be  safely  neglected,  as  it  was  nearly 
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constant  and  would  not  produce  an  error  greater  than  one-twentieth  of  a 
degree  C.  Owing  to  slight  changes  in  temperature  from  stroke  to  stroke 
during  the  working  of  the  gas  engine,  the  mean  temperature  at  any  part  of 
the  cycle  could  rarely  be  observed  with  an  approximation  closer  than  1^. 
As  the  temperatures  to  be  observed  were  about  100^  C,  no  great  refinements 
in  testing  the  wire  were  required. 

4.  The  Periodic  Contaet-maker  and  the  Electrical  ConnectioTis. — In  order  to 
observe  the  temperature  at  a  definite  point  in  the  cycle,  a  periodic  contact- 
maker  was  inserted,  either  in  the  galvanometer  or  in  the  battery  circuit,  and 
was  set  to  close  the  circuit  at  the  desired  point.  In  this  method  errors  may  ' 
arise  from  thermo-electric  or  induction  effects.  Both  efiects  were  practically 
negligible  with  the  apparatus  employed,  but  the  thermo-electric  effects  were 
rather  larger  and  more  variable  than  the  induction  effects.  The  periodic 
contact  was,  therefore,  usually  connected  in  the  battery  circuit,  so  as  to 
eliminate  the  thermo-electric  effects.  The  electrical  connections,  including 
the  periodic  contact-maker,  are  shown  in  fig.  5.     In  this  diagram  PS,  QS  are 


^  fyxjTD  putrm 


the  equal  ratio  arras  of  the  Wheatstone  bridge.  The  galvanometer  G  is 
connected  to  the  point  S  and  to  the  sliding  contact  on  the  bridge  wire  BW. 
The  thermometer  and  its  leads  P  are  connected  on  one  side  of  the  bridge 
wire,  and  the  compensator  C  and  the  balancing  resistance  B  on  the  other. 
The  battery  circuit  includes  a  mercury  reversing  key  K,  an  adjustable 
resistance  r,  and  a  storage  cell  V ;  and  the  battery  is  connected  to  the  bridge 
at  the  points  P  and  Q,  and  to  the  brushes  of  the  periodic  contact-maker  at  K 
The  brushes  E  are  carried  by  an  insulated  arm  A  bolted  to  a  divided  disc  0 
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riding  loosely  on  the  lay  shaft  of  the  engine,  and  capable  of  being  clamped 
in  any  position  by  the  screw  L.  The  index  I  shows  the  crank  angle,  cori-e- 
sponding  to  the  middle  point  of  the  contact  when  the  insulated  copper  strip  D 
carried  in  the  fibre  bush  F  passes  under  the  brushes. 

5.  Percussion  CoTUact-maker, — ^The  common  form  of  wipe-contact-maker 
illustrated  in  fig.  5  was  employed  in  the  earlier  experiments,  but  was  found 
to  possess  certain  disadvantages.  The  contact  was  difficult  to  keep  clean 
and  the  timing  was  liable  to  vary  with  speed  and  wear.  The  duration  of 
contact  could  not  be  readily  adjusted  or  acciirately  verified.  In  the  later 
experiments  a  novel  form  of  contsu^t  was  adopted  which  appeared  to  be  free 
from  these  defects.  The  construction  of  this  contact-maker  is  illustrated  in 
fig.  6.    A  brass  bush  B  keyed  to  the  lay  shaft  of  the  engine  carries  two  fibre 


washers  or  cams  Wi  and  Wa  which  can  be  clamped  in  any  relative  angular 
position  against  the  flange  of  the  bush  by  the  nut  N.  A  radial  step,  as  Wi,  ib 
made  in  each  washer  and  the  surface  graduaUy  rises  from  the  bottom  of  the 
step  to  the  normal  circular  surface  of  the  washer.  The  brushes  of  the  wipe- 
contact  are  replaced  by  stiff  springs  Si  and  S^,  the  reflexed  ends  of  which 
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rent  on  the  fibre  cams.    A  projection  Z  carrying  a  platinum-pointed  80iewi> 
in  riveted  to  one  of  the  springs  and  the  screw  p  is  a4]usted  so  that  its  point 
is  just  clear  of  the  platinum  rivet  r  in  the  other  spring  when  both  springs 
are  riding  on  the  circular  surfaces  of  their  respective  cams.    Contact  is  made 
when  the  rotation  of  the  lay  shaft  in  the  direction  of  the  arrow  brings  the 
ra/lial  step  wi  of  the  cam  Wi  under  the  spring  Si,  thereby  allowing  it  to  fall 
down  the  step,  thus  bringing;)  and  r  together.    Contact  is  broken  when  the 
railial  step  m?j  of  the  cam  Wj  reaches  the  spring  S,,  thereby  allowing  the 
f^:fmd  spring  to  fall  down  the  step  w^.    The  epoch  and  duration  of  contact 
ar*;  rca^lily  adjusted  by  adjusting  the  angular  positions  of  the  cams  relatively 
U}  the  bush  and  also  with  regard  to  one  another.    The  distance  between  the 
springs  and  the  platinum  contacts  and  the  steps  10  are  exaggerated  in  the 
diagram  in  order  te  make  the  principle  of  the  apparatus  clear.    The  per- 
cuHHion  form  of  contect  with  platinum  points  was  found  te  give  more  defimte 
and  r;ertain  results  than  the  wipe  pattern.    It  always  kept  itself  clean,  and 
no  troulile  of  any  kind  was  experienced  with  it.    The  duration  of  contact  vras 
generally  adjusted    to  correspond  with  20  degrees  of  the  crank  angle  or 
1/30  part  of  a  revolution  of  the  lay  shaft. 

6.  Onieral  An-angement  of  the  Engine. — ^The  only  engine  immediately 
available  for  the  purposes  of  the  tests  was  a  10  H.P.  Crossley,  forming  part 
of  the  lalK)ratory  equipment  of  the  Central  Technical  College,  with  a  cylinder 
7  inches  bore  and  14  inches  stroke,  the  compression  ratio  being  4*68.  It  was 
not  ([uite  the  latest  pattern,  but  was  in  very  good  condition  and  well  suited 
for  tiisting  the  application  of  the  method.  It  had  porcelain  tube  ignition.  It 
was  directly  connected  to  a  four-pole  dynamo  of  8  kw.  capacity,  mounted  on 
tlic  same  shaft.  Tliis  arrangement  was  particularly  advantageous,  as  it 
ptjrniitted  the  engine  to  be  run  under  widely  varying  conditions  of  speed  and 
load.  For  measuring  temperatures  by  the  periodic  contact  method,  it  is  most 
important  that  the  cycle  of  operations  should  be  perfectly  regular,  and  that 
thnm  should  bo  no  missed  explosions;  otherwise  it  is  impossible  to  take 
roiidings  accurately,  owing  to  the  wide  variations  of  temperature  from  stroke 
to  Htroko.  With  this  object,  the  governor  was  disconnected,  and  the  gas- 
mhiiiHHion  valvo  arranj^ed  to  oimi  at  every  suction  stroke.  The  field  of  the 
dynamo  was  st^jwirately  excited,  and  the  load  taken  by  adjustable  wire 
nwiHtancoH,  ho  that  the  uni;iue  could  be  made  to  run  quite  steadily  at  low 
apiHHlM  if  ilosiro*!.  By  a  slight  alteration  in  the  electrical  connections  it  was 
possiblo  U)  HUi)i)ly  the  dynamo  with  current  from  the  external  lighting 
system,  and  employ  it  to  drive  the  engine.  This  was  required  in  some  trials 
niado  for  the  imriH>80  of  tiwting  tho  sensitiveness  of  the  thermometera. 

7.  Intiiaitor  J>iagrams.~Vf\w\i  running  the  engine  with  rich  mixtures,  the 
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rapidity  of  the  explosion  was  so  great  that  satisfactory  diagrams  could  not  be 
obtained  with  the  ordinary  piston  type  of  indicator.  The  sudden  rise  of 
pressure  caused  violent  oscillations  of  the  pencil,  which  continued  throughout 
the  stroke  and  made  accurate  readings  impossible.  For  this  reason,  an  optical 
indicator,  or  "  manograph,"  of  the  Carpentier  type  was  employed,  with  some 
modifications  suggested  by  previous  experience.  In  this  instrument  the 
pressure  acts  upon  a  steel  disc  or  diaphragm,  the  movement  of  which  is 
transmitted  to  a  short  optical  lever,  which  carries  a  mirror  reflecting  a  spot  of 
light  on  to  a  photographic  plate.  The  lever  is  pivoted  on  a  fixed  point  and 
has  a  second  arm  at  right  angles  to  the  first,  which  simultaneously  receives  a 
movement  corresponding  with  the  movement  of  the  piston.  This  manograph 
was  originally  intended  for  taking  diagrams  from  small  high-speed  motors 
with  closed  crank-chambers.  It  was  supplied  with  a  long,  fine  copper  tube, 
for  connecting  the  disc  chamber  to  the  cylinder,  and  with  a  long,  fiexible 
coupling  to  be  attached  to  the  crank-shaft,  the  rotation  of  which  was  made  to 
reproduce  the  motion  of  the  piston  by  means  of  a  small  crank  actuating  the 
arm  of  the  optical  lever.  In  adapting  the  manograph  to  the  gas  engine,  we 
found  it  more  convenient  to  dispense  with  these  connections,  which  were  a 
source  of  inaccuracy.  The  disc  chamber  was  screwed  directly  on  to  the 
indicator  cock  of  the  engine.  In  the  earlier  experiments  the  piston  motion 
was  obtained  from  a  sprocket  wheel  on  the  lay  shaft,  but  later  it  was 
reproduced  directly  by  means  of  a  lever  driven  by  a  cord  attached  to  the  usual 
indicator  rig  connected  to  the  piston  of  the  gas  engine.  Fig.  7  shows  the 
optical  indicator  in  place,  and  also  the  sprocket  wheel  and  band  driving  from 
the  lay  shaft.  The  figure  shows  incidentally  also  the  general  arrangement  of 
the  gear  for  working  the  admission  and  the  thermometer  valves,  and  the  disc 
and  contact-maker  on  the  lay  shaft,  the  details  of  which  have  already  been 
illustrated  diagrammatically  in  figs.  4  and  5. 

As  the  pressure  scale  given  by  a  plane  disc  is  not  one  of  equal  parts,  and 
is  liable  to  vary  slightly  with  slight  difierences  in  the  clamping  of  the  disc, 
the  scale  of  the  indicator  was  calibrated  on  each  occasion  in  its  actual 
position  on  the  engine.  A  gas  bottle  and  a  standard  pressure  gauge  were 
connected  to  the  blow  through  hole  of  the  indicator  cock,  and  lines  were 
traced  on  the  photographic  plate  corresponding  to  equal  intervals  of 
pressure,  and  also  lines  at  right  angles  to  these  corresponding  to  equal 
displacements  of  the  piston.  By  using  a  grill  prepared  in  this  manner  for 
measuring  the  diagrams,  errors  due  to  the  variation  of  the  pressure  scale, 
or  inaccuracy  in  the  reproduction  of  the  piston  motion,  are  practically 
eliminated.  By  using  discs  of  different  thicknesses,  or  by  different  com- 
binations of  discs,  a  considerable  range  of  pressure  could  be  covered  with 
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satisfactory  accuracy.  For  the  lower  pressures,  and  for  the  tests  in  which 
the  engine  was  driven  by  the  electric  motor  without  ^ring,  a  steam  engine 
indicator  of  the  Crosby  pattern  was  also  employed.  This  indicator  was 
calibrated  by  weights  placed  upon  a  revolving  plunger  of  known 'area,  and 


Fig.  7. 
was  found  to  be  correct  and  to  agree  with  the  optical  indicator  in  those  tests 
in  which  diagrams  were  taken  with  both  instruments. 

8.  Testing  the  Platinum  Thcrmmneters  for  Lag, — It  was  well  known  from 
previous  experiments  that  a  platinum  wire,  0001-inch  diameter,  was  capable 
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)f  following  the  cyclical  variation  of  temperature  of  a  gas  during  suction 
ind  compression  with  sufficient  accuracy  for  the  determination  of  the 
luction  temperature,  but  it  appesured  desirable  to  measure  the  lag  of  the 
•hermometer  at  various  speeds  under  these  conditions,  and  to  test  whether 
I  thermometer  inserted  in  the  manner  already  described  could  be  relied 
ipon  to  give  the  average  temperature  of  the  mixture  in  the  cylinder,  and 
low  far  its  readings  might  be  affected  by  the  temperature  of  the  valve  in 
Mrhich  it  was  euclosed.  For  this  purpose  the  engine  was  driven  by  a  motor, 
compressing  and  expanding  a  charge  of  air  without  firing.  Temperature 
readings  were  taken  tliroughout  the  cycle  for  comparison  with  the  mean 
temperatures  deduced  from  the  indicator  diagrams. 

Two  thermometers  were  employed  which  differed  slightly  in  the  disposi- 
tion of  the  platinum  loop.  In  the  first,  designated  Pti,  the  fiue  loop  was 
attached  in  the  usual  manner,  projecting  beyond  the  ends  of  the  leads. 
In  the  second,  designated  Pta,  the  copper  leads  were  made  somewhat 
longer,  and  the  platinum  loop  was  inverted  so  as  to  lie  between  the  leads. 
It  was  thought  that  with  this  latter  method  of  construction  the  fine  wire 
loop  would  be  better  protected  from  accidental  damage  in  inserting  or 
Brithdrawing  the  thermometer,  and  would  be  better  able  to  withstand  the 
^bock  of  opening  or  closing  the  thermometer  valve.  This  proved  in  fact 
to  be  the  case.  It  was  found,  however,  that  the  projecting  loop  Pti  suffered 
ireiy  little  distortion,  and  that  although  the  thermometers  agreed  very  well 
m  the  readings  of  the  suction  temperature,  the  I'eadings  of  Pta  were 
tppreciably  affected  by  the  close  proximity  of  the  leads  to  the  fine  wire, 
¥hen  the  difference  of  temperature  between  the  leads  and  the  surrounding 
;a8  was  considerable. 

Two  kinds  of  motor-driven  tests  were  made.  In  the  first  kind  the  gas- 
iock  was  shut  and  the  valves  were  worked  in  the  usual  way,  so  that  a 
reah  charge  of  air  was  taken  in  and  compressed  during  each  cycle.  In 
he  second  kind  the  gas-cock  was  shut,  the  valve  levers  were  removed,  and 
he  thermometer  valve  was  fixed  permanently  open  with  the  gas  admission 
ralve  permanently  closed,  and  the  tension  of  the  exhaust  valve  spring  was 
elaxed  so  as  to  allow  it  to  act  as  a  non-return  valve  for  admitting  a  little 
kir  to  the  cylinder  to  compensate  for  leakage  at  the  end  of  each  suction 
troke.  Under  these  conditions  the  piston  expands  and  compresses  a 
>ractically  constant  charge  of  air  at  each  revolution,  and  there  is  little  or 
10  disturbance  due  to  the  opening  and  closing  of  valves.  This  made  it 
xissible  to  secure  a  more  accurate  comparison  of  the  thermometer  with  the 
ndicated  temperatures  throughout  the  cycle,  and  to  obtain  a  more  satis- 
actory  estimate  of  the  lag.  With  the  valves  opening  and  closing  in  the 
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ordinary  way  the  cycle  occupies  two  revolutions,  and  the  readings  of  the 
thermometer  from  stroke  to  stroke  are  appreciably  disturbed  by  slight 
variations  in  the  opening  and  closing  of  the  valves.  Moreover,  the  mass  of 
air  contained  in  the  cylinder  is  constant  only  for  a  part  of  each  alternate 
revolution,  so  that  the  comparison  with  the  indicator  cannot  be  extended 
satisfactorily  throughout  the  cycle. 

9.  Comparison  of  the  Temperatures  recorded  by  the  Themunneter  with  the 
Temperaiures  calculated  from  the  Indicator  Diagram. — The  comparison  in 
the  case  of  the  first  method  of  working,  namely,  valves  opening  and  closing 
in  the  usual  way,  is  made  in  fig.  8.    The  broken  line  represents  the  reading 


Fig.  8. — Crank  Angle  from  beginning  of  Saction  Stroke. 


of  the  platinum  thermometer  Pti  in  degrees  Centigrade,  plotted  with 
reference  to  crank  angle  during  the  compression  and  expansion  strokes. 
The  full  line  represents  the  temperatures  deduced  from  the  corresponding 
indicator  diagram  by  calculating  the  product  PV  for  the  period  during 
which  the  mass  of  air  enclosed  remained  sensibly  constant  The  average 
speed  in  this  trial  was  102  revolutions  per  minuta  An  appreciable  leakage 
or  loss  of  heat  takes  place  during  the  period  of  maximum  compression,  so 
that  the  compression  and  expansion  curves  are  not  exactly  superposed 
on  the  card,  but  each  is  sensibly  adiabatic,  following  the  law  PV^-*  =  a 
constant  within  the  limits  of  error  of  the  pressure  measurements.  It  would 
make  very  little  difiference  to  the  form  of  the  curve  between  260  degrees 
and  460  degrees  of  crank  angle  if  the  temperatures  at  each  point  were 
calculated  from  the  pressures  alone  (instead  of  from  the  product  PV), 
assuming  the  adiabatic  law  O^-^jp^-^  =  a  constant.  The  temperatures  on 
the  PV  curve  are  calculated  on  the  assumption  that  the  mean  temperature 
of  the  charge  is  given  correctly  by  the  platinum  thermometer  at  260  degrees 
of   crank   angle.      It  will  be  observed   that  the   Pt  curve  is  not  quite 
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syinmetrical  with  the  PV  curve,  the  lag  appearing  greater  during  compression 
than  during  expansion.  This  may  have  been  caused  bj  some  peculiarity  in 
the  direction  of  the  currents  of  air  in  the  cylinder  with  reference  to  the 
position  of  the  ribs  of  the  thermometer  valve  during  compression.  The 
thermometer  valve  was  fixed  in  this  experiment  with  one  of  the  ribs  vertically 
over  the  other,  so  that  the  opening  through  the  valve  might  be  horizontal  or 
parallel  to  the  axis  of  the  cylinder.  During  expansion,  when  the  turbulent 
motion  of  the  air  due  to  admission  had  subsided,  the  motion  is  probably 
parallel  to  the  axis  of  the  cylinder  and  the  lag  of  the  thermometer  is  seen  to 
be  very  small  The  PV  and  Pt  curves  reunite  towards  the  end  of  expansion. 
It  was  observed  in  another  experiment  that  the  effect  of  turning  the 
thermometer  valve  through  a  right  angle,  so  that  the  ribs  should  not  obstruct 
the  air  current,  was  to  raise  the  maximum  indication  10*^  C.  The  reading 
at  the  lowest  point  corresponding  with  the  suction  temperature  was  not 
appreciably  affected  by  the  position  of  the  thermometer  valve.  In  a  repetition 
of  this  test  with  the  thermometer  Pta  having  the  inverted  loop,  it  was  found 
that  the  close  proximity  of  the  copper  leads  to  the  fine  wire  raised  the 
readings  of  the  suction  temperature  2^  to  3^  C.  and  lowered  the  reading  of  the 
maximimi  temperature  nearly  20^  C.  It  may  be  inferred  from  this  test  that 
a  thermometer  of  the  type  Pti  with  a  projecting  loop  may  be  trusted  to  give 
the  suction  temperature  with  an  approximation  of  1*^  C,  in  spite  of  the 
presence  of  the  enclosing  valve,  providing  that  the  temperature  of  the  valve 
does  not  differ  greatly  from  that  of  the  mixture  in  the  cylinder.  When  the 
temperature  is  changing  most  rapidly  and  the  temperature  of  the  valve 
differs  nearly  200^  from  that  of  the  air,  the  thermometer  lags  only  20^ 
and  a  change  in  the  position  of  the  ribs  of  the  thermometer  valve  does  not 
affect  the  readings  by  more  than  10^  C. 

The  comparison  in  the  case  of  the  second  method  of  working,  in  which  the 
valves  are  continuously  closed,  is  illustrated  in  fig.  9.  This  method  promised 
to  afford  a  more  accurate  method  of  testing  the  thermometer  owing  to  the 
greater  steadiness  of  the  conditions,  which  permitted  more  accurate  readings 
of  the  temperatura  Some  unexpected  difficulties  were  encountered  owing  to 
the  presence  of  small  quantities  of  water,  resulting  from  the  formation  of  fog, 
but  the  observations  were  in  many  respects  instructive,  and  may  be  worth 
recording  as  additional  evidence.  The  quantity  of  water  required  to  saturate 
the  clearance  space  at  a  temperature  of  100°  C.  was  only  0*003  of  a 
pound.  Nearly  half  of  this  quantity  was  found  to  have  accumulated  in  some 
of  the  experiments,  which  afforded  an  interesting  study  in  the  adiabatics  of 
fog.  The  effect  of  the  formation  of  fog  is  very  greatly  to  reduce  the  range  of 
temperature  for  a  given  range  of  pressure,  and  the  presence  of  water  must, 
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therefore,  be  carefully  avoided  in  this  method  of  testing  a  platinum 
thermometer.  In  the  test  reproduced  in  fig.  9,  the  air  in  the  cylinder  was 
sufficiently  dry  for  the  calculation  of  the  temperatures  from  the  card  by  the 
PV  method.  The  compression  and  the  expansion  curves  were  very  nearly 
symmetrical  and  adiabatic.  The  motion  of  the  air  in  the  cylinder  was 
parallel  to  the  axis  in  both,  and  the  FY  and  Pt  curves  were  approximately 
symmetrical  The  lag  was  greater  than  in  fig.  8,  partly  owing  to  the  higher 
speed  (130  revolutions  per  minute),  but  partly  also  due  to  the  more  quiescent 


Fio.  9. — Crank  Angle  from  beginning  of  Suction  Stroke. 

state  of  the  air  in  the  cylinder.  The  range  of  temperature  with  Pti  was  from 
—  6^  to  +159°  C,  as  against  —10°  to  +173°  C,  calculated  from  the  card. 
It  must  be  remembered,  however,  that  there  was  probably  a  snow  fog  in  the 
cylinder  at  —10°,  which  throws  some  doubt  on  the  accuracy  of  the  PV  curve 
and  would  account  for  part  of  the  lag  of  the  thermometer  owing  to  condensa- 
tion on  the  wire.  Also  that  an  error  of  1/1000  of  an  inch  in  measuring 
the  card  would  make  an  error  of  1°  of  temperature  in  the  PV  curve 
at  this  point  The  range  given  by  the  inverted  loop  thermometer  Ptj  in  this 
test  was  from  0^  C.  to  142°  C,  being  reduced  by  the  proximity  of  the  wire 
leads,  the  temperature  of  which  was  approximately  50°  C.  The  experiment 
was  repeated  with  and  without  the  thermometer  valve  in  place.  The 
presence  of  the  valve  lowered  the  reading  of  the  platinum  thermometer 
about  10°  C.  at  the  point  of  maximum  temperature  when  the  ribs  were 
placed  in  the  horizontal  plane  so  as  to  obstruct  the  fiow  of  the  air  through 
the  aperture,  but  it  did  not  make  any  appreciable  difference  when  the 
apertiu*e  was  horizontal. 

10.  Suctiofi  Temperature  in  Gas  Trials. — ^A  nimiber  of  trials  were  run 
under  various  conditions  of  speeil  and  load,  and  gas  supply,  with  the  engLoe 
driving  the  dynamo  in  the  ordinary  way.     For  these  trials  the  thermometer 
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valve  was  a^just^  to  open  about  the  middle  of  the  suction  stroke,  and  close 
soon  after  the  middle  of  the  compression  stroke.  The  temperatures  were 
observed  at  the  end  of  the  suction  stroke,  and  just  after  the  closing  of  the 
admission  valve.  An  observation  was  also  taken  at  the  end  of  the  compres- 
sion stroke  when  the  thermometer  valve  was  closed  in  order  to  give  the 
temperature  of  the  valve  itself.  The  suction  temperature  was  found  to  vary 
with  the  conditions  of  running  from  about  95^  C.  on  light  load  trials  to 
about  125^  C.  at  maximum  load,  the  air  temperature  being  in  all  cases  nearly 
20^  C,  and  the  jacket  temperature  27^  C.  It  should  be  remembered  that  in 
all  these  trials  an  explosion  occurred  at  every  second  revolution,  that  is, 
there  were  no  misses,  the  governor  being  entirely  cut  out.  The  trials  were 
not,  however,  sufficiently  extended  to  show  the  dependence  of  the  suction 
temperature  on  the  various  conditions  of  load  and  speed  and  gas  supply  and 
jacket  temperature.  For  the  present  the  authors  must  content  themselves 
with  giving  an  illustration  of  the  method  of  calculation  they  propose, 
reserving  further  discussion  until  more  complete  data  are  available. 

The  most  interesting  of  the  trials  from  a  theoretical  point  of  view  are 
those  with  rich  mixtures  in  which  combustion  is  practically  complete  at 
constant  volume  and  the  diagram  conforms  most  closely  to  the  theoretical 
type.  A  typical  example  is  shown  in  fig.  10,  taken  from  trial  26,  photo  62. 
Six  consecutive  explosions,  photographed  on  the  same  plate,  were  practically 
identicaL    The  following  are  the  data  of  this  trial : — 

Bevolutions  per  minute,  130  ; 

Eatio  of  gas  to  air,  1  to  71 ; 

Atmospheric  temperature,  20^  C. ;  jacket  temperature,  27^  G. ; 

Temperature  of  thermometer  valve  at  360  d^rees  crank  angle,  122^  C. ; 

Temperature  of  mixture  in  cylinder  at  260  degrees  crank  angle,  111^  C. ; 

Pressure  in  pounds  per  square  inch  absolute  at  260  degrees  crank  angle,  18'5 ; 

Volume  of  mixture  at  260  degrees  crank  angle,  0*2846  cubic  feet 

In  calculating  the  temperatures  along  the  expansion  line,  it  is  assumed 
that  combustion  is  complete,  and  that  the  gases  have  undergone  a  molecular 
contraction,  depending  upon  the  richness  of  the  mixture  and  the  composition 
of  the  gas,  which  in  this  case  amounts  to  4*3  per  cent.  To  find  the  tempera- 
ture at  any  point  in  the  expansion  curve  it  is  only  necessary  to  divide  the 
product  of  the  pressure  and  volume  at  that  point  by  the  constant  0'01315, 
representing  the  observed  value  of  the  product  pv/T  at  the  point  corre- 
sponding to  260  degrees  crank  angle  X,  corrected  for  contraction.  The 
resulting  curve  of  temperature  is  shown  in  the  upper  part  of  the  diagram 
(fig.  10).     The  temperature  thus  calculated   is  the  apparent   or  effective 
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temperature,  and  includes  the  effect,  if  any,  of  dissociation.    By  compaiing 
and  analysing  such  curves  it  may  be  possible  to  deduce  important  relations 
bearing  on  the  phenomena  of  combustion  of  gaseous  mixtures.     The  curve 
sho^m  in  the  diagram  exhibits  a  marked  change  of  curvature  at  0*4  of  hh* 
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Flo.  10.— Trial  26.    Diagram  Photo  62. 
stroke,  and  becomes  nearly  straight.    A  peculiarity  of  this  kind  might  t 
to  some  imperfection  of  the  indicator,  but  it  might  also  imply  a  f ^ 
stage  in   the  combustion.     Without  an  exact  knowledge  of    the  »' 
temperature  it  would  be  impossible  to  investigate  such  points  satisfactoj 
By  a  curious  coincidence  a  diagram  taken  in  another  trial,  fig.  11,  i 
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photo  9,  with  a  different  ratio  of  gas  to  air,  namely  1  to  5*8,  gave  a  practi- 
cally identical  expansion  curve,  not  differing  by  more  than  1  pound  at 
any  point  from  the  curve  of  the  preceding  example  recorded  on  photo  62. 
The  mean  pressures  deduced  from  the  brake  horse-power  were  also  very 
nearly  identical.  Without  a  knowledge  of  the  suction  temperature  it  might 
be  inferred  that  the  two  trials  were  really  identical  and  that  some  mistake 
had  been  made  in  the  gas  measurements.  The  data  for  this  trial  are  as 
follows : — 

Revolutions  per  minute,  114.    Batio  of  gas  to  air,  1  to  5*8. 
Atmospheric  temperature,  2V  C.    Jacket  temperature,  27®  C. 
Temperature  of  mixture  at  260  degrees  crank  angle,  130®  C,  and  pressure 

17*8  lbs.  per  square  inch  absolute. 
Molecular  contraction  on  combustion,  5*1  per  cent. 

The  constant  for  calculating  the  temperature  along  the  expansion  curve 
comes  out  001195  in  place  of  001315,  and  the  temperatures  are  all  much 
higher,  as  they  should  be  with  a  richer  mixture.  The  temperature  curve  in 
fig.  11  shows  the  same  curious  anomaly  as  that  from  photo  62  in  fig.  10, 
although  the  diagram  was  taken  with  a  different  disc  having  a  different 
pressure  scale,  and  with  an  entirely  different  arrangement  of  indicator  gear, 
the  piston  motion  being  transmitted  from  the  lay  shaft  in  the  way  shown  in 
fig.  7,  instead  of  being  taken  direct  from  the  usual  indicator  rig  as  was  the 
case  in  Experiment  26. 

11.  CoTudusiom. — It  appears  probable  from  these  experiments  that  the 
temperature  of  the  thermometer  valve  never  differs  very  much  from 
the  temperature  of  the  gases  shortly  after  the  closing  of  the  admission  valve 
in  the  method  of  construction  adopted  by  the  authors,  in  which  the 
thermometer  valve  is  inserted  through  the  spindle  of  the  admission  valve. 
In  a  specially  designed  gas  engine,  a  separate  opening  might  be  provided  for 
the  insertion  of  the  thermometer,  but  it  is  probable  that  the  temperature  of 
the  valve  in  this  case  would  not  be  so  nearly  equal  to  the  suction  tempera- 
ture to  be  measured.  The  method  adopted  by  the  authors  has  the  advantage 
that  it  can  be  applied  without  difficulty  to  any  existing  engine  by  simply 
making  a  special  admission  valve.  Since  the  temperature  of  the  thermo- 
meter valve  in  this  method  of  construction  differs  so  little  from  the  suction 
temperature  at  the  required  point,  it  appears  probable  that  the  thermometer 
gives  the  actual  suction  temperature  required  with  an  approximation  of  the 
order  of  V  C.  The  temperature  at  this  point  can  probably  be  measured 
with  a  fine  wire  with  a  greater  degiiee  of  accuracy  than  the  pressure.  In 
order  to  obtain  the  pressure  at  this  point,  it  is  necessary  to  take  a  diagram 
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with  a  light  spring  in  the  indicator,  as  the  pressure  cannot  be  satisfactorily 
measured  with  a  spring  strong  enough  to  record  the  explosion  temperature. 
Further,  it  is  absolutely  necessary  in  these  investigations  that  the  engine 
should  repeat  a  perfectly  regular  cycle  at  each  explosion.  No  results  of  any 
value  can  be  obtained  with  a  hit-and-miss  governor  in  operation,  because  the 
conditions  vary  too  greatly  from  stroke  to  stroke.  This  has  been  repeatedly 
shown  by  previous  trials.  In  measuring  the  expansion  and  exhaust 
temperatures  by  a  similar  method,  it  would  be  most  appropriate  so  far  as  the 
temperatures  to  be  measured  are  concerned  to  insert  the  thermometer  valve 
through  the  spindle  of  the  exhaust  valve. 

The  authors  desire  to  record  their  obligation  to  Mr.  Witchell  and 
Mr.  Betterley  and  to  other  members  of  the  Laboratory  stafif  for  the  able 
assistance  they  severally  gave  during  the  investigation. 
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On  the  Normal  Weston  Cadmium  Cell. 
By  F.  E.  Smith,  A.R.C.SC. 

(Commanicated  by  R  T.  Olazebrook,  F.B.S.    Received  July  13,— 
Read  November  21,  1907.) 

(From  the  National  Physical  Laboratory.) 

(Abstract.) 

The  experimental  investigations  described  had  as  their  primary  object  the 
improvement  of  the  Clark  and  cadmium  cells  as  standards  of  electromotive 
force. 

In  the  past  many  investigators  have  pointed  out  that  the  mercurous 
sulphate  used  as  a  depolariser  may  produce  variations  in  the  E.M.F.  a§ 
great  as  0*002  volt,  and  the  first  thing  sought  by  us  was  a  mode  of 
manufacture  of  the  sulphate  which  could  be  relied  on  to  give  a  constant 
product.  We  have  prepared  the  salt  in  four  ways :  (1)  Electrolytically 
(the  method  is  due  to  Carhart  and  Hulett,  and  Wolff);  (2)  by  chemical 
precipitation,  mercurous  nitrate  being  added  to  sulphuric  acid ;  (3)  by  the 
recrystaliisation  of  purchased  samples  of  mercurous  sulphate  from  strong 
sulphuric  acid ;  and  (4)  by  the  action  of  fuming  sulphuric  acid  on  mercury. 
The  mean  value  of  the  cells  set  up  with  the  electrolytic  salt  is  1*01828  volts  ;♦ 
with  the  sulphate  prepared  by  (2)  the  E.M.F.  is  1*01830  volts ;  (3)  gives 
1*01832  volts,  and  (4)  gives  1*01831  volts.  We  conclude  that  the  mode 
of  manufacture  of  the  depolariser  is  immaterial,  provided  that  certain 
conditions  are  observed,  and  our  guiding  principle  in  the  manufacture  of  the 
salt  and  the  preparation  of  the  paste  is  to  prevent  hydrolysis  by  keeping  the 
salt  in  contact  with  dilute  sulphuric  acid  (1  to  6)  or  with  saturated  cadmium 
sulphate  solution. 

The  effect  of  the  size  of  the  crystals  of  the  depolariser,  to  the  importance 
of  which  attention  has  been  called  by  H.  v.  Steinwehr,  was  investigated  by 
using  crystals  of  various  sizes  and  measuring  the  E.M.F.  of  the  cells  in  which 
they  were  inserted.  Twenty  samples  of  the  salt  were  examined  under  the 
microscope,  and  in  12  cases  microphotographs  were  taken,  the  magnification 
being  250.  The  uniformity  in  the  size  of  the  crystals  is  most  marked 
in  samples  prepared  by  method  (2),  and  this  is  recommended  as  a  standard 
method  of  preparation  of  the  salt.  In  general,  the  crystals  varied  in  size 
from  5  to  30  microns,  and  we  conclude  that  no  large  crystals  of  mercurous 

*  Hie  E.M.F.  is  given  in  teims  of  the  ampere  (10~^  C.G.S.,  measured  by  the  ^yrton- 
Jonee  ampere  balance)  and  the  international  ohm. 
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ffalphate  which  are  sufficiently  soluble  to  act  as  an  efficient  depolariaer 
can  give  an  EJLF.  appreciablT  lower  than  that  doe  to  oystak  from 
5  to  30  microns  long. 

A  very  Urge  pniportion  of  the  cells  dealt  with  have  not  varied  in  E3LF. 
by  more  than  two  parta  in  100,000  since  the  first  month  of  their  pr^Muration, 
and  some  of  the  cells  are  nearly  three  years  old.  A  few  abnormal  cells  have 
fallen  in  E3LF.  by  about  25  parts  in  100,000,  but  the  depolariaer  in  these 
is  of  a  peculiar  colour  and  suggests  hydrolysis  of  the  salt 

The  recuperative  power  of  the  cadmium  cell  was  tested  by  short-circuiting 
different  cells  for  1  minute,  5  minutcB,  5  hours,  and  5  daya  The  recovery 
in  each  case  wa%  very  rapid. 

Tlie  lag  of  E.M.F.  with  temperature  is  very  small,  and  the  temperature 
rxiefficient  fw  the  range,  10°  C.  to  30°  C,  is  given  by  the  following 
e^[uation : — 

E,  =r  EiT-3-4sx  10-*(^«17)-0-O66  x  10-*(^-17)». 

Tliis  is  in  very  good  agreement  with  the  formula  given  by  the 
lieichsanstalt. 
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The  Siher  Voltameter. 

Part  L— By  F.  R  Smith,  A.E.C.Sc.,  and  T.  Mather,  F.R.S. 
Part  II.— By  F.  E.  Smith,  A.R.C.Sc.,  and  T.  M.  Lowey,  D.Sc. 

((Jommunicated  by  R.  T.  Glazebrook,  F.R.S.    Received  July  22,— 
Read  November  21,  1907.) 

(From  the  National  Physical  Laboratory.) 

(Abstract.) 

Part  I. — On  a  Comparison  oj  many  Forms  oj  Silver  Voltameters.  By 
F.  E.  Smith  ;  and  a  Determination  of  the  Electrochemical  Eq^tivalerU  of 
Silver.    By  F.  E.  Smith  and  T.  Mather,  F.R.S. 

It  has  been  known  for  several  years  that  the  measurement  of  electric 
quantity  by  the  deposition  of  silver  is  liable  to  inaccuracies  which  appear  to 
be  dependent  on  the  size  and  nature  of  the  anode  and  cathode  and  on  the 
•electrolyte  of  the  voltameter  employed.  Hence  the  necessity  of  an  enquiry 
to  ascertain  the  possibihty  of  specifying  a  voltameter  which  is  easily 
reproducible  and  in  which  an  ampere-second  always  deposits  the  same  mass 
of  silver. 

In  some  very  early  experiments  it  was  found  that  the  mass  of  the  deposit 
was  dependent  on  the  mode  of  preparation  of  the  silver  nitrate,  but  on 
several  crystallisations  of  the  salt  constant  results  were  obtained. 

Very  large  voltameters  were  experimented  with.  Four  of  the  cathode 
bowls  had  a  capacity  of  600  c.c.  each,  and  in  general  from  300  to  400  c.c.  of 
■electrolyte  were  employed.  The  anodes  were  coated  with  electrically- 
-deposited  silver. 

With  a  Rayleigh  form  of  voltameter  containing  an  electrolyte  of  pure 
isilver  nitrate  52  determinations  of  the  electrochemical  equivalent  were 
made,  the  current  being  indirectly  measured  by  the  British  Association 
{Ayrton  Jones)  ampere  balance.  The  mean  of  the  52  determinations  was 
1*11827  milligrammes  per  coulomb,  and  the  mean  difference  was  2*4  parts 
in  100,000.  With  a  Richards  form  of  voltameter,  in  which  the  anode  liquid 
was  separated  from  the  cathode  liquid  by  a  porous  pot,  variable  results  were 
at  first  obtained,  but  this  was  found  to  be  due  to  the  presence  of  acid  in  the 
pots.  When  the  pots  were  baked  in  an  electric  furnace  before  their  employ- 
ment in  a  voltameter,  constant  values  resulted,  and  the  mean  of  these  was 
1*11828  milligrammes  per  coulomb,  i.e.,  practically  identical  with  that  obtained 
with  the  Rayleigh  form.    Richards  originally  obtained  a  difference  of  eight 
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parts  in  10,000  between  the  two  forms,  his  form  giving  the  smaller  deposit ; 
later  he  found  the  difference  to  be  four  parts  in  10,000,  and  recently  van  Dijk 
has  found  a  difference  of  half  this  latter  amount  Further  observations 
were  made  with  a  syphon  and  other  modified  forms  of  voltameter,  and  the 
same  value,  111827,  was  found,  pointing  to  little  or  no  irr^ularities  in  the 
large-size  Bayleigh  form  of  voltameter.  Deposits  were  made  when  the 
voltameter  was  subject  to  a  gaseous  pressure  of  2*4  cul  of  mercury,  and  were 
found  to  be  identical  with  those  made  under  a  pressure  of  1  atmosphere. 
We  have  thus  failed  to  confirm  the  observations  of  Schuster  and  Crossley 
and  of  Kahle.  At  a  temperature  of  90°  C.  we  found  the  deposits  to  be  very 
slightly  heavier  than  at  15°  C,  but  the  calculated  temperature  coefficient 
was  so  small  (1  x  lO""*)  that  we  believe  the  increase  to  be  due  to  the 
action  of  the  filter  paper  on  the  silver  nitrate,  as  originally  suggested  by 
Kahle. 

The  range  in  the  current  intensities  was  from  0'5  ampere  to  8  amperes, 
and  for  this  range  we  found  no  appreciable  irregularity. 

We  conclude  that  the  Bayleigh  form  of  voltameter  as  employed  by  us  is 
reproducible  to  one  or  two  parts  in  100,000,  and  that  the  electrochemical 
equivalent  of  silver  is  11 1827  milligrammes  per  coulomb. 

Part  1L— The  Chemistry  of  the  SUver  Voltameter.    By  F.  E.  Smifh,  A.RC.Sc., 

and  T.  M.  Lowky,  L>.Sc. 

Before  a  definite  value  could  be  assigned  to  the  electrochemical  equivalent 
of  silver  it  was  necessary  to  demonstrate  the  possibility  of  preparing  again 
and  again,  from  silver  nitrate  of  different  origins,  solutions  which  should  give 
identical  weights  of  silver  when  electrolysed  under  identical  conditions. 
We  prepared  silver  nitrate  from  electrolytic  silver,  from  much  used  silver 
nitrate,  and  from  commercial  samples  of  the  salt,  and  satisfied  ourselves  that 
by  taking  precautions  in  recrystallising,  etc.,  a  sufficiently  constant  product 
could  be  obtained.  Tests  on  commercial  silver  nitrate  were  gratifying  in  so 
far  jthat  with  one  exception  all  the  samples  (eight  in  all)  examined  gave 
figures  agreeing  with  those  obtained  from  the  samples  which  were  specially 
prepared,  and  we  conclude  that,  except  in  measurements  of  high  precision, 
the  commercial  salt  may  be  used  without  purifying. 

Attempts  to  confirm  the  observations  of  Novak,  Eodger  and  Watson, 
Kahle,  van  Dijk  and  others,  on  the  effect  of  repeated  electrolysis  of 
a  solution,  show  that  in  our  voltameters  there  may  be  a  very  small 
increase  in  the  deposit  with  continued  use  of  a  solution,  but  nothing  com- 
parable with  that  obtained  by  the  observers  mentioned.  We  also  fail  to 
confirm  the  formation,  at  the  anode,  of  a  complex  silver  salt,  giving  rise  to 
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heavy  deposits  at  the  cathode,  as  suggested  by  Bodger  and  Watson  and  by 
Bichards. 

High  values  are  obtained  for  the  electrochemical  equivalent  if  the 
solution  contains  oxide,  carbonate,  chloride,  nitrite  or  hyponitrite.  Low 
values  are  caused  by  acid.  The  impurities  which  raise  the  electro- 
chemical equivalent  appear  to  be  those  which  are  insoluble  in  water  but 
soluble  in  silver  nitrate  solutions ;  they  are,  therefore,  precipitated  from  the 
impoverished  solution  at  the  cathode. 

There  may  be  slight  changes  in  the  electrolyte  due  to  its  interaction  with 
filter  paper,  but  the  mass  of  the  deposit  is  not  seriously  affected  thereby 
in  our  size  of  voltameter  in  the  course  of  one  electrolysis.  It  is  inadvis- 
able, however,  in  measurements  of  high  precision  to  use  an  electrolyte 
more  than  once. 

Silver  chlorate  and  silver  perchloriate  appear  to  give  normal  deposits,  but 
are  more  troublesome  in  use  and  have  no  advantage  over  the  nitrate. 
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The  Diurnal  Variation  of  Terrestrial  Magnetism. 
By  Arthur  Schuster,  RRS. 

(Received  October  31,— Eead  November  7,  1907.) 

(Abstract.) 

1.  In  a  previous  communication*  I  proved  that  the  diurnal  variation  of 
terrestrial  magnetism  had  its  origin  outside  the  Earth's  surface,  and  drew  the 
natural  conclusion  that  it  was  caused  by  electric  currents  circulating  in  the 
upper  regions  of  the  atmosphere.  If  we  endeavour  to  carry  the  investigation 
a  step  further,  and  consider  the  probable  origin  of  these  currents,  we  have  at 
present  no  alternative  to  the  theory,  first  proposed  by  Balfour  Stewart,  that 
the  necessary  electromotive  forces  are  'supplied  by  the  permanent  forces  of 
terrestrial  magnetism  acting  on  the  bodily  motion  of  masses  of  conducting  air 
which  cut  through  its  lines  of  force.  In  the  language  of  modem  electro- 
dynamics, the  periodic  magnetic  disturbance  is  due  to  Foucault  currents 
induced  in  an  oscillating  atmosphere  by  the  vertical  magnetic  force.  The 
problem  to  be  solved  in  the  first  instance  is  the  specification  of  the  internal 
motion  of  a  conducting  shell  of  air,  which  shall,  under  the  action  of  given 
magnetic  forces,  determine  the  electric  currents  producing  known  electro- 
magnetic effects.  Treating  the  diurnal  and  semi-diurnal  variations  separately, 
the  calculation  leads  to  the  interesting  results  that  each  of  them  is  caused 
by  an  oscillation  of  the  atmosphere  which  is  of  the  same  nature  as  that 
which  causes  the  diurnal  changes  of  barometric  pressure.  The  phases  of  the 
barometric  and  magnetic  oscillations  agree  to  about  1|  hours,  and  it  is  doubtful 
whether  this  difierence  may  not  be  due  to  uncertainties  in  the  experimental 
data.  In  the  previous  communication  referred  to,  I  already  tentatively 
suggested  a  connection  between  the  barometric  and  magnetic  changes,  but  it 
is  only  recently  that  I  have  examined  the  matter  more  closely.  In  the 
investigation  which  follows,  I  begin  by  considering  the  possibility  that  both 
variations  are  due  to  one  and  the  same  general  oscillation  of  the  atmosphere. 
The  problem  is  then  absolutely  determined  if  the  barometric  change  is  known, 
and  we  may  calculate  within  certain  limits  the  conducting  power  of  the  air 
which  is  sufficient  and  necessary  to  produce  the  observed  magnetic  effects. 
This  conducting  powef  is  found  to  be  considerable.  It  is  to  be  observed, 
however,  that  the  electric  currents  producing  the  magnetic  variations 
circulate  only  in  the  upper  layers  of  the  atmosphere,  where  the  pressure  is 
too  small  to  affect  the  barometer;  the  two  variations  have  their  origin, 
♦  '  Phil.  Trans.,'  A,  voL  180,  p.  467  (1889). 
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therefore,  in  different  layers,  which  may  to  some  extent  oscillate  indepen- 
dently. Though  we  shall  find  that  the  facts  may  be  reconciled  with  the 
simpler  supposition  of  one  united  oscillation  of  the  whole  shell  of  air,  there 
are  certain  difficulties  which  are  most  easily  explained  by  cissuming  possible 
differences  in  phase  and  amplitude  between  the  upper  and  lower  layers.  If 
the  two  oscillations  are  quite  independent,  the  conducting  power  depending 
on  the  now  unknown  amplitude  of  the  periodic  motion  cannot  be  calculated, 
but  must  still  be  large  imless  the  amplitude  reaches  a  higher  order  of 
magnitude  than  we  have  any  reason  to  assume. 

The  mathematical  analysis  is  simple  so  long  as  we  take  the  electric 
conductivity  of  the  air  to  be  uniform  and  constant ;  but  the  great  ionisation 
which  the  theory  demands  requires  some  explanation,  and  solar  radiation 
suggests  itself  as  a  possible  cause.  Hence  we  might  expect  an  increased 
conducting  power  in  summer  and  in  day  time  as  compared  with  that  found 
during  winter  and  at  night  Observation  shows,  indeed,  that  the  amplitude 
of  the  mimetic  variation  is  considerably  greater  in  summer  than  in  winter 
and  we  know  that  the  needle  is  at  comparative  rest  during  the  night.  Th& 
variable  conducting  power  depending  on  the  position  of  the  sun  helps  us  also 
to  overcome  a  difficulty  which  at  first  sight  would  appear  to  exclude  th& 
possibility  of  any  close  connection  between  the  barometric  and  magnetic 
variations;  the  difficulty  is  presented  by  the  fact  that  the  change  in 
atmospheric  pressure  is  mainly  semi-diurnal,  while  the  greater  portion  of  th& 
nu^etic  change  is  diumaL  This  may,  to  some  extent,  be  explained  by  the 
mathematical  calculation,  which  shows  that  the  flow  of  air  giving  a  24-hourly 
variation  of  barometric  pressure  is  more  effective  in  causing  a  magnetio 
variation  than  the  corresponding  12-hourly  variation,  but  the  whole  difference 
cannot  be  accounted  for  in  this  manner.  If,  however,  the  conductivity  of 
air  is  greater  during  the  day  than  during  the  night,  it  may  be  proved  that  the 
12-hourly  variation  of  the  barometer  produces  an  appreciable  periodicity  of 
24  hours  in  the  magnetic  change,  while  there  is  no  sensible  increase  in  the* 
12-hourly  magnetic  change,  due  to  the  24-hourly  period  of  the  barometer.. 
The  complete  solution  of  the  mathematical  problem  for  the  case  of  a 
conducting  power  proportional  to  the  cosine  of  the  angle  of  incidence  of  the 
sun's  rays  is  given  in  Part  II.  But  even  this  extension  of  the  theory  is 
insufficient  to  explain  entirely  the  observed  increased  amplitude  of  the 
magnetic  variation  during  summer.  We  are,  therefore,  driven  to  assume 
either  that  the  atmospheric  oscillation  of  the  upper  layer  is  greater  in  summer 
than  in  winter  and  is  to  that  extent  independent  of  the  oscillation  of  the 
lower  layers,  or  that  the  ionising  power  of  solar  radiation  is  to  some  extent 
accumulative  and  that  the  atmospheric  conductivity  is,  therefore,  not  com- 
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pletely  determined  by  the  position  of  the  sun  at  the  tima  The  increased 
amplitude  at  times  when  sunspots  are  frequent  is  explained  by  an  increased 
conductivity  corresponding  to  an  increase  in  solar  activity.  All  indications, 
therefore,  point  to  the  sun  as  the  source  of  ionisation,  and  ultra-violet 
radiation  seems  to  be  the  most  plausible  cause. 

A  good  test  of  the  proposed  theory  may  be  found  in  a  closer  examination 
of  the  diurnal  magnetic  changes  in  the  equatorial  regions,  because,  owing  to 
the  inclination  of  the  magnetic  to  the  geographical  axis,  the  magnetic 
changes  ought  to  have  a  term  which  does  not  depend  on  local  time,  but  on 
the  time  of  the  meridian  containing  the  geographical  and  magnetic  pola 
This  term  has  its  greatest  importance  at  the  equator  and  at  the  time  of  the 
equinox.  A  study  of  the  lunar  effects  may  also  lead  to  interesting 
conclusions,  as,  according  to  the  point  of  view  of  the  present  paper,  they 
must  be  explained  by  some  tidal  oscillation. 

The  value  of  the  conductivity  necessary  to  explain  the  diurnal  variation 
in  the  manner  indicated  depends  on  the  thickness  of  the  layers  which  carry 
the  currents.  If  e  be  the  thickness  and  p  the  conductivity  and  the 
amplitude  of  oscillation  in  the  upper  layers  is  assumed  to  be  the 
same  as  that  deduced  from  the  barometric  variation,  it  is  found  that 
p«  =  3  X  lO"*.  If  e  is  equal  to  300  kilometres,  the  conductivity  would  have 
to  be  as  high  as  10~'^  while  the  observed  conductivity  of  air  at  the  surface 
of  the  earth  under  normal  conditions  is  of  the  order  10~^ ;  at  a  height  at 
which  the  pressure  is  reduced  to  one  degree  per  square  centimetre,  the 
conductivity  would  be  10~^®,  assuming  the  rate  of  recombination  to  be 
independent  of  temperature,  and  the  ionising  power  to  be  the  same.  This 
calculation  is  based  on  the  assumption  that  the  ions  conveying  the  current 
are  identical  with  those  we  observe  at  high  pressures,  while  it  is  of  course 
possible  that  the  ionic  velocities  are  much  greater.  But  taking  all  these 
possibilities  into  account,  we  are  led  to  the  conclusion  that  there  must  be 
a  powerful  ionising  agent  giving  a  high  conductivity  to  the  upper  layer  of 
the  atmosphere. 

If  the  fundamental  ideas  underlying  the  present  enquiry  stand  the  test  of 
further  research,  we  are  in  possession  of  a  powerful  method  which  will  enable 
us  to  trace  the  cosmical  causes  which  affect  the  ionisation  of  the  upper 
regions  of  the  atmosphere  and  which  act  apparently  in  sympathy  with 
periodic  effects  showing  themselves  on  and  near  the  surface  of  the  sun. 
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Results  of  the  Interaction  of  Mercury  with  Alloys  of  other  Metals. 
By  J.  W.  Mallet,  F.E.S.,  University  of  Virginia. 

(Received  August  27,— Read  November  21,  1907.) 

It  is  well  known  that  alloying  metals  with  each  other  often  modifies  in 
a  remarkable  way  their  several  relations  to  acids  and  other  non-metallic 
reagents.  Examples  of  this  are  afforded  by  the  addition  of  silver  to 
platinum,  rendering  the  latter  soluble,  along  with  the  former,  in  nitric  acid 
— by  the  great  resistance  to  the  action  of  aqaa  regia  on  platinum  when 
alloyed  with  rhodium  or  iridium — and  by  the  solubility  in  cold,  somewhat 
dilute  sulphuric  acid,  of  copper  in  alloy  with  nickel  and  zinc  as  common 
"  German  silver." 

It  seemed  interesting  to  see  what  the  behaviour  of  fluid  metallic  mercury 
would  be  in  relation  to  alloys  of  metals  solid  at  common  temperatures. 
For  instance,  if  an  alloy  of  two  metals — one  of  them  when  alone 
amalgamating  readily  with  mercury  and  the  other  not — should  be  exposed 
to  the  action  of  mercury,  would  the  former  resist  amalgamation  or  the 
latter  be  rendered  amalgamable,  or  would  each  continue  to  behave  as 
though  the  other  were  absent  and  the  mercury  take  up  the  one  and  leave 
the  other  intact  ? 

Some  experiments  of  this  kind,  recently  made,  seem  worth  recording,  as 
little  or  nothing  bearing  upon  the  question  appears  in  the  principal 
handbooks  of  chemistry. 

It  suggested  itself  first  to  examine  the  case  of  an  alloy  of  two  metals 
presenting  evidence  of  chemical  combination  between  them,  not  merely  of 
solid  solution.  Such  a  case  is  that  of  the  alloy  of  tin  and  platinum  which 
is  produced  by  fusing  the  two  together,  the  act  of  union  being  attended 
with  sudden  and  very  great  elevation  of  temperature,  exhibiting  brilliant 
incandescence,  and  the  product  being  found  to  have  completely  changed  in 
respect  to  cohesion,  the  two  thoroughly  malleable  metals  giving  rise  to  a 
highly  brittle  alloy  easily  crushed  to  powder. 

Tin-plcUinum  Alloy, 

For  about  5  grammes  of  platinum  in  the  form  of  rather  thick  foil  a  piece 
of  pure  tin  was  weighed  oflF  representing  a  trifling  excess  over  the  quantity 
needed  for  two  atoms  of  tin  to  one  of  platinum,  this  excess  being  intended 
to  allow  for  a  slight  loss  of  tin  by  oxidation.  The  tin  was  closely  wrapped 
in  the  platinum  foil,  and  the  whole  was  rapidly  heated  by  a  blast-lamp  flame. 
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Complete  fusion  took  place  in  a  moment,  with  vivid  incandescence.  The 
button  of  alloy,  after  cooling,  was  moderately  hard,  very  brittle,  and  easily 
reduced  to  powder  in  an  iron  mortar.  It  contained:  platinum,  45*26  per 
cent. ;  tin,  54'74  per  cent. 

The  specific  gravity  of  the  button,  taken  before  crushing,  was  found  to  be 
but  10*72,  notably  below  the  calculated  value,  so  that  if  there  were  no 
cavities — none  were  observed  on  crushing — there  must  have  been  considerable 
expansion  in  the  act  of  union  of  the  metals. 

The  finely  pulverised  alloy,  with  about  five  times  its  weight  of  pure 
mercury,  was  at  once  placed  in  a  stoppered  glass  cylinder,  and  the  vessel 
was  vigorously  shaken  from  time  to  time  for  several  days.  No  sign  of 
amalgamation  appeared.  The  larger  part  of  the  mercury  was  ran  off  from 
the  seemingly  quite  unaltered  powder,  carefully  freed  from  any  trace  of  the 
latter  by  skimming,  and  distilled  at  a  temperature  a  little  below  the  boiling 
point  in  a  hard  glass  tube,  sweeping  away  the  vapour  by  a  current  of  air 
produced  by  a  jet  pump.  No  visible  residue  was  left,  so  that  the  tin 
had  been  completely  protected  by  the  platinum  from  amalgamation,  and 
neither  metal  had  gone  into  solution.  The  surface  of  the  particles  of  the 
original  alloy  powder  showed  under  the  microscope  no  sign  of  adhering 
mercury. 

On  treating  this  unaltered  powder  of  the  platinum-tin  alloy  with  another 
portion  of  mercury  to  which  a  very  little  metallic  sodium  had  been  added, 
amalgamation  took  place  at  once,  and  the  amalgam  began  to  adhere  to  the 
surface  of  the  glass  vessel.  The  soft  amalgam  thus  formed  seemed  to  contain 
■  entangled  in  it  the  larger  part  of  the  powder,  but  very  little  was  present 
in  true  solution,  as  on  straining  off  the  fluid  portion  through  chamois  leather 
and  distilling,  only  a  trifling  residue  was  obtained,  containing  but  a  few 
milligrammes  of  platinum  and  tin.  The  main  mass  of  the  battery  amalgam 
left  behind  on  straining  through  the  leather  was  treated  with  moderately 
dilated  nitric  acid  until  all  action  ceased.  It  left  undissolved  pulverulent 
grey  platinum,  and  a  heavy,  finely  granular  residue,  of  crystalline  appearance 
under  the  microscope,  greyish  white  and  with  metallic  lustre.  This  latter 
was  an  alloy  of  platinum  and  tin  which,  like  the  bulk  of  the  original  fused 
alloy,  was  not  acted  upon  by  mercury.  Heated  in  a  stream  of  dry  chlorine 
gas,  it  gave  off  tin  sb  chloride  and  left  metallic  platinum,  weighings  showing 
the  composition  to  be:  platinum,  48*08  per  cent.;  tin,  51*92  per  cent; 
agreeing  pretty  well  with  the  not  very  probable  formula  PtiSnj,  which 
requires  platinum,  48*33  per  cent. ;  tin,  51*67  per  cent.  It  is  by  no  means 
^rtain  that  this  material  was  homogeneous. 

It  would  seem  that  even  in  an  amalgam  which  as  a  whole  is  liquid  and 
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mobile,  the  mass  may  be  viewed  as  consisting  of  a  solid  part  or  phase — the 
solid  metal  moistened  by  mercury — and  a  liquid  part  or  phase — mercury 
holding  the  solid  metal  in  solution — these  parts  mechanically  separable  by 
straining,  or  often  simply  by  gravity  on  standing  at  rest.  In  the  material 
just  referred  to  nearly  all  of  the  tin  and  platinum  seems  to  have  existed  in 
the  former  of  these  states. 

Silver-platinum  Alloy. 

Platinum  as  heavy  foil  and  pure  silver  (**  proof  silver "  of  the  United 
States  Mint)  were  weighed  off  in  proportions  representing  four  atoms  of 
silver  and  one  of  platinum,  and  fused  together  in  an  assay  crucible  at  a 
temperature  high  enough  to  render  the  alloy  perfectly  fluid.  The  ingot 
which  was  somewhat  hard,  but  quite  malleable,  was  rolled  out  to  strips  not 
more  than  about  a  tenth  of  a  millimetre  in  thickness.  These  strips 
weighing  about  12  grammes,  were  cut  up  into  small  bits,  washed  well  with 
ether  to  remove  any  traces  of  oil  from  the  rolls,  dried,  put  into  a  stoppered 
glass  cylinder,  and  shaken  with  about  five  times  their  weight  of  pure 
mercury,  the  vigorous  shaking  being  repeated  at  intervals  for  several  days. 
The  mercury  began  almost  at  once  to  wet  the  surface  of  the  solid  alloy,  and 
after  a  few  hours  practically  all  rimning  mercury  had  been  soaked  up  and 
the  strips  began  to  crumble.  About  half  as  much  more  mercury  was  added, 
and  in  three  or  four  days  an  apparently  smooth  buttery  amalgam  had  been 
formed. 

Almost  from  the  first  the  amalgam  began  to  adhere  with  remarkable 
firmness  to  the  surface  of  the  glass,  and  before  long  the  whole  interior 
surface  of  the  cylinder  was  coated  with  a  mirror-like  deposit  as  perfect  as 
that  usually  obtained  by  means  of  silver  reduced  by  aldehyde  or  Bochelle 
salt,  and  remarkably  persistent. 

The  perfectly  smooth  buttery  amalgam,  containing  no  visibly  solid 
fragments  of  the  strips  of  alloy,  was  strained  by  squeezing  through  chamois 
leather. 

The  solid  part  which  was  left  behind  hardened  somewhat  on  standing,  but 
not  nearly  as  much  as  amalgam  of  silver  alone,  and  showed  some  tendency 
to  crumble.  Applied  to  the  surface  of  clean  platinum  foil  it  at  once 
produced  amalgamation  of  the  latter. 

A  specimen  of  simple  silver  amalgam  was  strained  through  chamois 
leather,  and  the  pasty  solid  residue  was  in  like  manner  applied  to  the  surface 
of  clean  platinum  foil.  At  first,  even  with  rubbing,  no  sign  of  amalgamation 
of  the  foil  appeared,  but  on  leaving  the  lump  of  silver  amalgam  resting  on 
the  surface  for  an  hour  or  two  and  then  sliding  it  to  one  side,  a  mark  was 
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left  showing  where  the  amalgam  had  lain,  and  after  24  hours  there  was 
distinct  amalgamation  of  the  surface.  This  increase  of  adhesiveness  given 
to  mercury  by  the  presence  of  silver  displays  an  interesting  additional  bit  of 
parallelism  between  silver  and  the  alkaline  metals.  Bemoving  the  lump 
of  amalgam  and  rubbing  the  surface  of  the  platinum  foil  vigorously  with 
a  cloth,  there  was  left  a  visible  stain,  which  changed  somewhat  in  lustre  but 
did  not  disappear  on  heating  to  low  redness,  showing  that  silver  as  well  as 
mercury  had  adhered  to  the  surface.  Whether  this  silver  had  been  carried 
down  into  the  platinum  by  the  amalgamation  (as  is  most  probable)  or  was 
partially  alloyed  with  it  by  the  heating  to  drive  off  mercury,  the  stain  did 
not  entirely  disappear  on  treatment  with  nitric  acid. 

About  30  grammes  of  the  fluid  part  of  the  amalgam  from  the  silver- 
platinum  alloy,  which  had  been  strained  through  chamois  leather,  was 
carefully  distilled  in  a  stream  of  air,  keeping  somewhat  below  the  boiling 
point  to  avoid  any  mechanical  loss  by  spattering,  and  left  behind  60  milli- 
grammes of  solid  residue.  This  was  "  parted "  by  repeated  boiling  with 
concentrated  sulphuric  acid.  The  results  of  the  -parting  show  the  following 
comparison  between  the  composition  of  the  original  silver-platinum  alloy 
and  of  this  portion  of  it  which  had  been  taken  into  solution  by  the  mercury : — 

Oxigiiial  Diflsolved 

alloy.  by  mercury. 

Platinum   3109  18*78 

Silver 68-91  81*22 

It  thus  appears  that,  unlike  the  case  of  the  tin-platinum  alloy,  in  which 
the  platinum  prevented  the  tin  being  amalgamated,  in  the  silver-platinum 
alloy  the  silver  brings  about  solution  of  the  platinum  by  mercury,  although 
in  smaller  proportion  than  that  in  which  it  was  present  in  the  original 
alloy. 

Copper-tin  Alloy, 

It  seemed  desirable,  in  the  third  place,  to  see  what  effect,  if  any,  upon 
amalgamation  would  be  produced  by  allojdng  two  metals,  each  of  which  is  by 
itself  readily  taken  up  by  mercury ;  and  such  metals  were  selected  as  we  have 
reason  to  believe,  from  the  experiments  of  Sir  William  Eamsay  and  othere, 
are  simply  dissolved  by  mercury,  and  in  the  condition  of  monatomic 
molecules. 

With  this  in  view,  a  specimen  of  good  speculum  metal,  made  with  two  parts 
of  copper  and  one  of  tin,  and  hence  near  Cu4Sn  in  composition,  extremely 
brittle,  was  reduced  to  very  fine  powder  in  an  iron  mortar;  10  grammes  of 
this  was  placed  in  a  stoppered  glass  cylinder,  about  five  times  as  much  pure 
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mercury  added,  and  the  whole  well  shaken  at  intervals  for  several  days.  At 
first  there  was  no  sign  of  amalgamation,  but  in  a  few  hours  this  began  to 
appear,  and  at  the  end  of  24  hours  the  greater  part  of  the  solid  alloy  had 
been  taken  up  by  the  mercury.  There  was  no  adhesion  of  amalgam  to  the 
surface  of  the  glass.  About  half  as  much  more  mercury  was  added,  and 
after  four  or  five  days,  with  many  shakings,  there  remained  but  a  very  little 
solid  alloy  in  powder.  This  was  carefully  removed  from  the  surface  of  the 
seemingly  smooth,  buttery,  or  thickly  fluid  amalgam,  and  the  latter  squeezed 
in  chamois  leather.  Forty  or  fifty  grammes  of  the  fluid  portion  which  had 
passed  through  the  pores  of  the  leather  was  carefully  distilled,  guarding 
against  spattering.  It  left  but  2  or  3  milligrammes  of  solid  residue,  in  which 
both  copper  and  tin  were  present,  the  former  probably  in  rather  larger 
proportion  than  in  the  original  alloy,  but  the  quantity  of  residue  was  too 
small  for  an  accurate  analysis. 

The  pasty  amalgam  which  was  retained  by  the  leather  showed  a  strong 
tendency  to  crumble,  and  when  examined  with  the  microscope  showed 
numerous  particles  of  the  solid  speculum  metal  which  had  not  fully  blended 
with  the  mercury. 

It  is  evident,  therefore,  that  alloying  these  two  metals — copper  and  tin — 
together,  greatly  diminishes  the  readiness  and  extent  with  which  they  unite 
with  mercury  when  they  are  separately  exposed  to  its  action. 

On  the  whole,  these  experiments  show  that  the  relations  of  mercury  to 
alloys  are  not  the  same — at  any  rate  for  those  tried — as  to  the  component 
metals  taken  separately. 

Many  other  experiments  of  the  general  nature  of  those  now  recorded 
suggest  themselves  as  worth  trying.  Thus  it  would  be  well  to  examine  the 
behaviour  towards  mercury  of  solid  alloys,  including  one  of  the  alkaline 
metals,  the  amalgams  of  which  are  so  peculiar  in  character,  to  try  the  effect 
of  mercury  upon  two  or  more  alloys  of  the  same  metal  in  widely  different 
proportions,  and  to  extend  such  experiments  to  more  complex  alloys 
containing  three,  four,  or  a  larger  number  of  solid  metals. 
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A  Method  of  Depositing  Copper  upon  Glass  from  Aqueous 
Solutions  in  a  Thin  Brilliantly  Reflecting  Film^  and'  thus 
producing  a  Copper  Mirror. 

By  F.  D,  Chattaway,  RRS. 

(Keceived  September  26,— Read  November  21,  1907.) 

Many  organic  substances  which  undergo  oxidation  easily  are  able  to  reduce 
various  metallic  oxides.  The  oxygen  is  removed  with  very  different  degrees 
of  readiness  and  the  property  is  in  consequence  often  used  as  a  means  of 
recognising  particular  compounds  or  atomic  groupings. 

Silver  oxide  is  especially  easily  reduced,  and  if  it  is  dissolved  in  an 
aqueous  solution  of  ammonia  the  metal,  by  an  appropriate  agent,  as  Liebig 
first  observed,*  may  be  obtained  attached  to  the  glass  walls  of  the  containing 
vessel  as  a  brilliant  reflecting  film. 

This  observation  has  received  an  important  industrial  application  in  the 
manufacture  of  mirrors,  and  silver  thus  deposited  has  now  practical!]^ 
replaced  the  tin  amalgam  formerly  used,  which  so  often  seriously  afiected  the 
health  of  the  workera. 

With  the  view  of  improving  the  processes  originally  used,  many  chemists 
have  studied  the  conditions  under  which  glass  is  coated  with  silver,  but  their 
investigations  have  generally  had  for  their  object  the  preparation  of  a  liquid 
which  would  deposit  a  uniform  and  coherent  layer  of  the  metal  over  a  large 
glass  surface  at  the  ordinary  temperature.  liebigf  was  the  first  to  solve  the 
problem  satisfactorily  and  his  method,  in  which  milk  sugar  is  the  reducing 
agent,  was  formerly  extensively  used. 

Other  metals  are  not  so  easily  laid  down  upon  glass  in  a  firm  reflecting 
film  as  is  silver ;  and  in  particular  copper,  which  is  so  closely  related  to  it,  is 
not  in  similar  circumstances  so  deposited.  Metallic  copper  has  been  attached 
to  glass  in  various  ways.  Faraday^  about  the  time  when  silver  mirrors  were 
attracting  much  attention,  made  the  interesting  observation  that  a  mirror-Uke 
deposit  of  the  metal  upon  glass  having  the  proper  metallic  lustre  and  colour 
by  reflection,  could  be  obtained  by  dissolving  a  little  oxide  of  copper  in  olive 
oil  and  heating  plates  of  glass  in  a  bath  of  this  liquid  up  to  the  decomposing 
temperature  of  the  oil.  Mirrors,  however,  obtained  by  Faraday's  method, 
if    of    aay   size,  are  liable   to    be  stained   and   discoloured   in  patches  by 

♦  *  Annalen,'  1835,  vol.  14,  p.  133. 
t  *  AnnaleD,*  1856,  vor.  98,  p.  132. 
X  *  Phil.  Trans.,'  1857,  p.  145. 
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decomposition  products  of  the  oil  and  they  are,  moreover,  generally  lacking 
in  brilliancy.  Further,  as  the  deposition  of  the  metal  only  takes  place  at 
a  temperature  above  that  at  which  the  oil  decomposes,  the  process  is 
excessively  disagreeable  to  carry  out  and,  as  the  oil  is  spoiled,  it  is  somewhat 
costly. 

Faraday  also  discovered*  that  a  fine  deposit  of  copper  upon  glass  could  be 
produced  by  deflagrating  the  metal  in  the  neighbourhood  of  the  glass  by 
a  Leyden  battery  in  an  atmosphere  of  hydrogen,  and  Wright,  employing 
a  method  essentially  the  same,t  obtained  small  brilliant  mirrors  of  copper  on 
the  inner  surface  of  exhausted  glass  tubes  by  passing  through  them  an 
electric  discharge  between  copper  electrodes. 

Everyone  who  has  reduced  Fehling's  solution  with  excess  of  grape  sugar 
must  have  noticed  that  occasionally  the  metal  produced  adheres  to  the  sides 
of  the  beaker  or  flask  in  somewhat  reflecting  patches,  and  much  brighter 
patches  are  obtained  when  certain  copper  salts  such  as  formate  or  acetate  are 
heated  in  glass  vessels.  The  firm  of  Weisskopf,  in  Morchenstein,  has  further 
succeeded  in  depositing  copper  upon  glass  by  reducing  the  hydroxide  in 
presence  of  zinc  chloride  together  with  gold  or  platinum  chloride  by 
a  somewhat  complicated  liquid  mixture  containing  cane  sugar,  glycerine,  and 
formaldehyde. 

These  facts  lead  to  the  conclusion  that  copper  should  be  capable  of 
deposition  in  the  same  way  as  silver,  if  a  suitable  reducing  agent  were 
forthcoming ;  this  I  have  recently  found  in  phenylhydrazine. 

Phenylhydrazine,  as  I  have  elsewhere  shown,J  especially  in  presence  of 
caustic  potash,  which  greatly  accelerates  the  action,  is  easily  oxidised  by  free 
oxygen,  there  being  produced  in  all  likelihood  hydroxyphenylhydrazine, 
which  immediately  breaks  down  into  a  molecule  of  benzene,  a  molecule  of 
nitrogen,  and  a  molecule  of  water  thus : — 

CaHfi— N— H  CeHfi— N— H 

1+0=  I  =  CeHa+Na  +  HaO. 

H— N— H  H— N— OH 

Copper  oxide  acts  similarly  upon  the  base,  and  imder  suitable  conditions 
the  metal  can  be  deposited  upon  glass  in  the  form  of  a  fine  mirror. 

The   operation  may  be  carried  out  in  a  variety  of  ways,  using  finely 
livided   black  copper  oxide  suspended  in  a  boiling  saturated  solution  of 
>henylhydrazine  or  a  liquid  made  by  mixing  the  latter   with   a   solution 
f  copper  hydroxide  in  alkaline  tartrates  or  ammonia. 

♦  *  Phil.  Trans.,'  1857,  p.  164. 

t  Silliman,  *  Amer.  Journ.,'  1877,  [3],  voL  13,  p.  49. 
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The  following  procedure,  which  resembles  that  emplojred  in  silverii^ 
glaiiB,  gives  a  uniformly  excellent  result  Heat  a  mixture  of  one  part  of 
freshly  distilled  pheuylhydrazine  and  two  parts  of  water  till  a  dear 
solution  is  obtained.  To  this  add  about  half  its  bulk  of  a  warm  saturated 
solution  of  cupric  hydroxide  in  strong  ammonia.  Nitrogen  is  freely  evolved 
during  the  addition,  and  the  cupric  is  reduced  to  cuprous  hydroxide,  which 
remains  dissolved  in  the  ammoniacal  liquid,  and  does  not  undergo  any 
immediate  appreciable  further  reduction  until  heated.  Add  next  a  hot 
10-per-cent.  solution  of  potassium  hydroxide  until  a  slight  permanent 
precipitate  of  cuprous  hydroxide  is  produced.  If  this  colourless  or  pale 
yellow  liquid  be  cautiously  heated  in  contact  with  a  perfectly  clean  glass 
surface,  metallic  copper  is  deposited  upon  it  in  the  form  of  a  thin,  coherent, 
perfectly  reflecting  lamina. 

As  nitrogen  is  evolved  during  the  reduction,  and  as  tarry  bye-produets 
are  formed  in  small  quantity  and  float  with  the  benzene  produced  to  the 
surface  of  the  liquid,  if  flasks  or  tul)es  are  to  be  coppered,  devices  have  to 
be  adopted  to  keep  the  inner  surface  completely  covered  by  the  liquid  from 
which  the  metal  is  being  dei)osited»  whilst  allowing  the  gas  to  escape. 

If  tlie  glass  in  any  part  is  not  ])orfectly  coated,  the  process  may  be  repeated, 
but  a  uniform  deposit  \h  soldoni  obtiiinod  unless  the  whole  surface  is 
covered  in  one  operation.  To  obtain  a  fihu  of  suflicient  thickness  to  be 
permanent,  and  to  prevent  its  Htii)orll(uiil  <»xidation,  it  is  best  to  allow  it 
to  remain  for  an  hour  or  ho  in  mnUict  with  the  warm  reducing  fluid,  and 
not  to  pour  this  ofl*  till  it  has  va)oUh\  t<»  tht*  teni|H*rature  of  the  air.  The 
surface  of  the  deix)8ited  cop|»er  Hhould  tlu^i  \w  well  washed,  first  with  water 
and  afterwards  with  alcohol  and  t^hiu',  and  linally  should  be  protected  from 
the  slow  oxidising  action  of  the  air  liy  (iiu».  or  two  coats  of  some  quick- 
drying  varnish. 

Ver}'  little  of  the  pheuylhydrazine  is  actually  used  up  in  the  reduction, 
and  the  same  fluid  may  be  employed  again  and  again  after  filtering  while  warm 
through  cotton  wool  and  mixing  with  more  solution  of  copper  hydroxide, 
adding  fresh  pheuylhydrazine  when  necessary  to  oomi)ensate  for  the  dilution. 
If  required  for  future  use,  the  liquid  must  bo  kept  in  a  stoppered  bottle 
carefully  protected  from  the  air,  as  free  oxygen  is  very  readily  absorbed  by  it 
and  the  pheuylhydrazine  thereby  destroyed. 

The  mirrors  obtained  by  this  method  are  very  beautiful,  for  they  show  the 
pleasing  red  colour  of  copper  and  are  as  perfect  in  reflecting  surface  and  as 
lustrous  as  the  similar  mirrors  obtained  by  the  deposition  of  silver. 

To  carry  out  the  operation  successfully,  it  is  essential  to  cleanse  very 
thoroughly  the  surface  of  the  glass ;  this  is  best  done  by  well  rubbing  in  turn 
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vdtb  a  strong  solution  of  soap,  with  strong  nitric  acid,  and  with  strong  caustic 
potash,  using  a  pad  of  cotton  wool  socJced  in  these  liquids,  and  washing  well 
between  the  successive  operations. 

Surfaces  of  blown  glass  are  more  readily  coated  with  copper  than  polished 
surfaces.  In  any  case  old  glass  should  not  be  used,  at  least  without  the 
49urface  being  carefully  repolished. 

Ammonia  in  excess  hinders  the  deposition  of  copper,  as  it  does  that  of  silver, 
labile  caustic  alkali  accelerates  it. 

It  is  interesting  to  note  that  the  copper  is  in  the  monvalent  or  cuprous 
«tate,  in  which  it  is  analogous  to  silver,  when  it  shows  a  similar  tendency 
to  be  deposited  in  a  metallic  film  upon  glass. 

Little  is  known  as  to  the  reasons  why,  when  metallic  oxides  are  reduced  in 
aqueous  solutions,  the  metals  under  certain  conditions  are  deposited  upon 
^lass  in  a  thin,  reflecting  lamina,  while  under  others,  apparently  equally 
favourable  to  such  deposition,  they  separate  in  a  spongy  or  flocculent  state. 
Vogel*  concludes  from  his  experiments  with  silver  oxide  that  when  complete 
reduction  takes  place  in  one  stage,  a  mirror  or  crystalline  deposit  is  obtained, 
whilst  granular  or  finely  divided  silver  is  produced  in  two  stages,  a  lower 
insoluble  oxide  separating  as  the  primary  product  of  the  reduction  and  being 
afterwards  itself  further  reduced. 

The  behaviour  of  copper  oxide  on  reduction  makes  it,  however,  very 
improbable  that  the  various  stages  of  the  process  affect  the  result. 

For  the  production  of  a  mirror  it  appears  rather  to  be  essential  that  the 
compound  undergoing  reduction  shall  be  in  solution  and  that  its  concentration 
ahall  be  small,  that  the  liquid  in  which  it  takes  place  shall  be  alkaline,  and 
that  action  shall  be  more  rapid  at  the  surface  of  the  glass  than  elsewhere. 

It  is  certain  that  the  nature  of  the  surface  on  which  the  metal  is  deposited 
plays  an  important  part  in  the  process,  since  both  silver  and  copper  are 
deposited  much  better  upon  blown  than  upon  polished  glass  and  upon  surfaces 
which  have  not  for  long  been  exposed  to  the  action  of  the  air  or  of  water. 

It  seems  probable  that  the  glass  surface  itself  acts  as  a  catalyser  and  locally 
accelerates  the  action. 

Oberbeck,  some  years  ago,f  measured  the  electric  resistances  of  a  number 
of  silver  films  deposited  upon  glass  from  aqueous  solution. 

He  made  the  interesting  discovery  that  such  resistances,  although  very 
large  immediately  after  the  metal  had  been  deposited,  continually  diminished 
with  time,  and  although  a  minimum  was  not  reached  in  two  years,  ultimately 
approximated  to  the  resistances  which  would  have  been  shown  by  films  of 

*  '  Joum.  fUr  praktische  Chemie,'  1862,  vol.  86,  p.  321. 
t  *  Ann.  der  Physik  und  Chemie,'  1892,  p.  282. 
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ordinary  silver  of  corresponding  thickness  and  size.  The  films  dnring  this 
change  of  resistance  altered  neither  in  reflecting  power  nor  in  appearance 
when  viewed  by  transmitted  light. 

As  reflecting  silver  films  of  very  different  thickness  and  initial  resistance 
and  produced  under  very  different  conditions  all  showed  this  great  increase 
in  conductivity,  Oberbeck  concluded  that  when  silver  is  first  deposited  from 
aqueous  solution  in  the  form  of  a  mirror,  it  is  in  a  different  molecular 
condition  from  ordinary  silver,  but  that  in  time  its  state  approaches  that  of 
the  latter  more  and  more. 


The  Electric  Discharge  in  Monatomic  Gases. 

By  Frederick  Soddy,  M.A.,  Lecturer  in  Physical  Chemistry  in  the 
University  of  Glasgow,  and  Thomas  D.  Mackenzie,  B.Sc,  Carnegie 
Research  Scholar. 

(Communicated  by  Professor  J.  Larmor,  Sec.  R.S.    Received  October  8, — 
Read  November  7,  1907.) 

1.  Scope  of  the  JSnquiri/. 

In  a  recent  paper*  one  of  us  has  described  the  use  of  metallic  calcium  at 
high  temperature  for  the  production  of  high  vacua,  and  in  spectroscopic 
work  as  a  veiy  perfect  chemical  absorbent  of  all  except  the  chemically 
inert  gases.  It  was  shown  that  helium  and  argon  purified  by  calcium  from 
traces  of  common  gases  or  vapours,  with  which  they  are  in  practice 
invariably  contaminated  during  manipulation,  showed  a  great  disinclination 
to  conduct  the  discharge.  In  ordinary  spectrum-tubes,  helium  offered  a 
resistance  equivalent  to  an  alternative  spark-gap  of  an  inch  in  air,  at  a 
pressure  of  0*05  mm.,  and  argon  at  0*02  mm.  of  mercury.  This  behaviour 
of  the  monatomic  gases,  together  with  the  closely-allied  phenomenon  shown 
by  spectrum-tubes  filled  with  these  gases  of  becoming  non-conducting,  or 
"  running  out,"  under  the  action  of  the  discharge,  have  now  been  investigated 
in  detail.  A  great  number  of  experiments  have  been  performed  and  a 
short  summary  will  be  given  in  the  present  paper. 

The  main  object  was  to  settle  whether  electric  conduction  in  the 
monatomic  gases  is  essentially  different  from  that  in  other  gases.  The 
first  results  raised  at  least  a  presumption  that  perfectly  pure  helium  might 
♦  *  Roy.  Soc  Proc,'  1907,  A,  voL  78,  p.  429. 
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be  nnable  to  conduct  the  discharge  at  all,  so  that  the  running  out  of 
spectrum-tubes  might  be  due  to  the  absorption  of  the  impurities  only 
by  the  electrodes  and  not  by  the  absorption  of  the  inert  gas  itself.  This 
view,  however,  proved  to  be  untenable. 

The  absorption  of  the  monatomic  gases  during  the  discharge  occurs 
rapidly  and  continuously  under  suitable  conditions,  and  the  nature  of  this 
action  is  now  fairly  clear.  But,  on  the  other  hand,  helium  which  has  been 
subjected  to  the  prolonged  action  of  the  discharge  between  aluminium 
electrodes,  after  initial  purification  with  calcium,  exhibits  to  an  altogether 
extraordinary  degree  the  peculiarity  before  noticed.  In  an  ordinary 
spectrum-tube  such  helium  offers  a  resistance  equivalent  to  that  of  an  inch 
spark-gap  at  a  pressure  of  over  half  a  millimetre  of  mercury,  and  the 
discharge  is  accompanied  by  all  the  well-known  characteristics — intense 
fluorescence  of  the  tube,  production  of  cathode  rays,  and  the  incipient 
production  of  X-rays — which  are  usually  supposed  to  be  indicative  of  a 
h^h  vacuum.  But  at  higher  pressures  this  very  pure  helium  conducts 
the  discharge  in  the  same  way  as  other  gases.  Our  results  le^ve  no  doubt 
that  the  difference  between  helium  and  other  gases  is  one  of  degree  only, 
and  that  the  monatomic  gases  are  relatively  electrically  as  well  as  chemically 
inert.  It  will  be  shown  that  the  remarkable  behaviour  of  helium  in  the 
r^on  of  low  pressure  is  intimately  bound  up  with  the  equally  remarkable 
behaviour  of  the  gas  in  the  region  of  atmospheric  pressure,  when,  as  Bamsay 
and  Colllb*  have  shown,  it  conducts  the  discharge  so  much  more  easily  than 
any  other  gas.  A  spectrum-tube  filled  with  helium  at  atmospheric  pressure 
conducts  the  current  from  a  small  induction  coil  with  ease.  It  is  only 
necessary  to  regard  the  helium  molecule  at  all  pressures  as  only  about 
one-fifth  to  one-tenth  as  effective  electrically  as  a  molecule  of  a  common 
gas  like  hydrogen,  in  order  to  obtain  a  simple  and  consistent  explanation 
of  the  behaviour  of  both  high  and  low  pressure  helium  to  the  discharge. 
In  the  coiurse  of  the  work  it  became  necessary  to  examine  the  common 
gases  also  in  order  to  be  able  to  compare  their  behaviour  with  the  monatomic 
gases.  The  result  transpired  that  the  electrical  effects  usually  supposed 
to  be  indicative  of  a  high  vacuum  occur  in  all  gases  at  degrees  of  rarefaction 
which  cannot  with  any  accuracy  be  described  as  "high  vacua."  Thus 
in  the  previous  paper  the  behaviour  of  argon,  which  was  found  unable 
to  conduct  below  0*02  mm.,  was  regarded  as  exceptional.  In  reality,  it  is 
similar  at  this  pressure  to  the  common  gases,  hydrogen  and  nitrogen,  all  of 
which,  when  pure,  cease  to  conduct  at  about  0*04  mm.  The  pressure  in 
an  X-ray  tube,  filled  with  hydrogen  and  giving  good  X-rays,  is  above 
♦  *Roy.  Soc.  Proc,'  1896,  voL  69,  p.  257. 
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0*01  mm.  Some  of  the  possible  causes  which  may  have  contributed  to  the 
mistaken  impression  that  the  degree  of  rarefaction  in  a  Crookes  tube  is  of 
the  order  of  a  thousandth  of  a  millimetre  will  be  discussed  in  the  paper. 

During  the  investigation  it  transpired  that  the  spectrum  of  one  of  the  rare 
gases  appeared  in  a  set  of  new  spectrum-tubes  during  preliminary  preparation 
before  any  of  the  gas  had  been  introduced ;  and  it  has  been  put  beyond 
doubt  that  the  aluminium  electrodes  of  spectrum-tubes  which  have  been 
used  with  either  helium,  neon  or  argon,  retain,  even  after  months'  exposure 
to  the  air,  sufficient  of  the  gas  in  question  to  give  its  spectrum  when 
remounted  in  a  new  glass  tube  into  which  none  of  the  gas  is  introduced. 

2.  Absorption  of  Helium  in  Spectrum-tubes, 

In  our  first  series  of  experiments  the  running  out  of  spectrum-tubes 
filled  with  helium  was  investigated.  Six  similar  spectrum-tubes  of  about 
28  c.c.  volume  were  filled  with  helium  purified  by  calcium  to  accurately 
known  initial  pressures,  ranging  from  1  to  32  mm.  The  tubes  were  con- 
structed to  stand  a  heavy  curi-ent  without  breaking  down.  The  cathode 
consisted  of  aluminium  wire  4  mm.  diameter,  and  the  anode  an  aluminium 
disc  16  nun  diameter.  A  narrow  side  tube  was  sealed  into  the  cathode 
chaml)er  for  the  purpose  of  measuring  subsequently  the  residual  gas  in  the 
tul>e,  and  a  tube  drawn  to  a  fine  point,  to  be  broken  under  mercury  at  the 
end  of  the  exix^riment,  was  sealed  to  the  anode  chamber.  These  tubes  were 
constructed  in  batches  of  a  dozen  at  a  time  by  a  well-known  LondSn  maker 
esiKHniilly  for  the  investigation,  and  none  of  them  have  been  used  in  any 
other  exi>eriments. 

Six  tul)es  at  a  time  were  attached  to  the  calcium  furnace,  an  arrangement 
for  admitting  known  quantities  of  helium,  and  a  mercury  pump,  and  very 
thoroughly  freed  from  occluded  gases  by  heating  and  j^assing  a  discharge 
heavy  enough  to  fuse  the  electroiies.  The  remarkable  fact  must  be 
chnmioled  that  during  this  treatment,  l^fore  any  helium  had  been  brought 
into  the  apparatus,  the  first  l^atch  of  tubes  developeii  the  helium  spectrum. 
In  the  two  first  experiments,  each  with  six  new  tulles  of  the  first  dozen,  the 
full  helium  spectrum  was  develojied  during  the  preliminary  treatment.  The 
aeoond  batch  of  a  dozen,  made  at  another  time,  did  not  show  this  behaviour. 
The  phenomenon  and  its  proliable  explanation  arv  discusseii  under  Section  9, 

The  practice  adopted  during  this  pi^liminary  tr^tmont  was  to  keep  the 
calcium  at  its  absorbing  temiieratmw,  and  by  a  tap  to  ivgxilate  tlie  flow  of 
expeUe^i  ga^^d  into  the  calcium  chamber,  so  as  to  keep  the  tul^  fluorescent 
without  allowing  the  vacuum  to  rise  to  the  non-v\mduciing  point.  When  the 
oi^raiion  was  complete  and  the  calcium  had  ah^orUnl  the  expelled  gases. 
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helium  was  introduced,  the  fusion  of  the  electrodes  repeated,  and  the  tubes 
i^in  exhausted  by  the  pump.  This  was  necessary,  as  it  is  known*  that 
electrodes  freed  sufficiently  from  occluded  gases  by  ordinary  running  and 
heating  tend  to  evolve  a  further  supply  when  filled  with  the  monatomic  gases 
and  run,  owing  to  the  much  greater  heating  of  the  electrodes  in  the  latter 


Helium  in  accurately  known  amount  was  then  admitted  to  the  calcium 
chamber  and  allowed  to  remain  there  imtil  the  spectrum  became  perfectly 
puve,  when  the  tap  to  the  spectrum-tube  was  opened  and  the  first  tube  sealed 
ofiF.  The  remaining  five  were  then  sealed  ofif  one  by  one,  each  after  a  further 
known  quantity  of  helium  had  been  admitted.  The  total  volume  of  the 
apparatus  had  been  found,  so  the  initial  pressure  of  helium  in  each  tube 
could  be  calculated. 

The  six  tubes  were  then  run  in  series  with  a  heavy  current  from  a  10-inch 
coil  worked  with  a  mercury  interrupter  from  the  250- V.  mains.  A  rectifier 
was  placed  in  the  secondary  circuit  to  keep  the  current  as  unidirectional  as 
possible,  but  it  is  doubtful  if  this  had  any  influence.  The  first  four  tubes 
showed  a  sharp  line  spectrum,  but  in  the  other  two,  owing  to  too  high 
pressure,  the  spectrum  was  confused.  A  new  clear  faint  line  in  the  extreme 
red,  about  7266,  was  noticed  in  the  helium  spectrum  of  the  tubes  filled  at 
lower  pressure. 

The  first  three  tubes  ran  out  and  became  non-conducting  without  difficulty, 
and  ultimately  the  fourth  also,  but  the  remaining  two  did  not.  All  the  first 
four  tubes  went  through  the  same  changes  in  appearance  just  before  they 
became  non-conducting.  The  glow  changed  from  yellow  to  green,  and  the 
yellow  line,  at  first  by  far  the  strongest,  became  weaker  than  the  green.  At 
this  stage  the  cathode  fluorescence  extended  a  distance  of  12  cm.  to  the 
extreme  tip  of  the  side  gauge-tube.  As  soon  as  the  discharge  commenced  to 
pass  an  alternative  gap  of  1  inch  in  parallel  to  the  tube,  the  latter  was  cut 
out  of  circuit  and  the  tip  broken  under  previously  heated  mercury,  with 
precautions  against  the  admission  of  air.  As  the  mercury  entered,  all  the  gas 
was  compressed  into  the  side  gauge-tube  and  its  volume  marked  by  a  diamond 
scratch.    The  table  (p.  96)  shows  the  details  of  the  six  tubes. 

The  current  after  the  first  40  hours  was  considerably  increased. 

The  pressures  in  the  last  column  were  obtained  from  the  volume  of  the 
residual  gas  immediately  after  filling  the  tube  with  mercury.  It  will  be  seen 
that  the  helium  is  absorbed  during  the  discharge  until  a  residual  pressure  is 
reached  nearly  the  same  in  each  case  and  between  0*6  and  0*7  mm., 
independent  of  the  initial  pressure.  This  indicates  that  at  this  pressure  the 
♦  E.  C.  C.  Baly,  *Phil.  Trana/  1903,  A,  voL  202,  p.  186. 
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II 

in 

IV 
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VI 
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11 
2-3 
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16-8 
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From  start 

After  10  mins. 

After  50  mins. 

After  60  hrs.  30  mins. 


After  25  mins. 

After  70  mins. 

After  7  hrs.  40  mins. 

After  61  hrs.  20  mins. 

Did  not  appreciably  change  after  over  100  hours'  continuoixs 

running. 


mm. 
0-57 
0-72 
0-62 
0-9 


helium  ceases  to  conduct  the  dischaige.  But  it  was  at  once  found  that  as 
soon  as  the  mercury  entered  the  tube  it  commenced  to  dissolve  the  mirror  of 
aluminium  deposited  from  the  electrodes  and  to  liberate  the  absorbed  gas.  In 
the  first  tube,  after  the  volume  of  the  residual  gas  had  been  measured,  the 
mercury  was  sucked  out  and  allowed  to  refill  the  tube,  when  the  volume  was 
found  to  have  doubled.  In  the  second  tube  the  evolution  of  gas  could  be 
watched,  and  large  bubbles  made  their  appearance  at  the  cathode  film  as  the 
mercury  was  sucked  out.  The  volume  after  refilling  corresponded  to  a  finiJ 
pressure  of  1*33  mm.  In  the  third  tube,  after  the  mercury  had  been  left  in 
half  an  hour,  the  pressure  was  3*43  mm.,  and  after  readmitting  the  mercury 
and  allowing  it  to  remain  another  four  hours  the  pressure  was  3*7  mm.  In 
the  fourth  tube  gas  came  out  from  both  the  anode  and  cathode  mirrors,  and 
the  volume  increased  enormously,  but  the  final  measurement  was  unfortu- 
nately lost.  The  spectrum  of  the  residual  and  liberated  gas  was  always 
observed,  to  detect  the  entrance  of  air,  but  in  every  case  the  spectrum,  except 
for  mercury,  was  of  absolutely  pure  helium. 

These  experiments  clearly  show  the  nature  of  the  process  when  a  helium 
tube  is  run  to  non-conductance.  Contmry  to  what  was  given  as  the 
explanation  in  the  lost  paper,*  a  real  absorption  of  the  helium  takes  place, 
and  the  greater  part  of  the  absorbed  gas  is  very  loosely  retained  and 
can  be  recovered  from  the  aluminium  mirror  volatilised  from  the  electrodea 
On  the  other  hand,  non-conductance  obtains  in  pure  helium  long  before  all 
the  helium  is  absorbed,  and  the  gas  so  treated  refuses  to  conduct  the  current 
at  a  pressure  when  any  other  gas  would  be  at  about  its  maximum 
conductivity.  As,  however,  the  residual  pressure  was  practically  the  same 
for  all  the  four  tubes,  one  of  which  had  been  run  for  over  60  hours,  the 
experiments  do  not  support  the  idea  that  pure  helium  by  itself  is  a  non- 
conductor. They  favour  the  view  that  the  constant  residual  pressure  is  the 
real  limiting  pressure  for  pure  helium  itself,  above  which  it  will  conduct  in 
the  same  way  as  any  other  gas. 

♦  Loc.  ciLf  p.  448. 
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The  experiments  described  are  inconclusive  in  one  respect.  Owing  to  the 
unexpected  ease  with  which  the  absorbed  gas  is  liberated  under  the  action  of 
mercury,  the  large  residual  pressures  observed  might  have  been  due  at  least 
in  part  to  liberation  of  absorbed  gas  during  the  admission  of  the  mercury. 
This  did  actually  happen  in  the  filling  of  Tube  No.  IV  with  mercury,  and 
accounts  for  the  somewhat  high  residual  pressure  observed.  Before  the 
cathode  chamber  had  filled  actual  bubbles  had  been  liberated  from  the 
aluminium  film  in  the  anode  chamber  and  could  be  seen  passing  through  the 
capillary  with  the  entering  mercury.  It  was,  therefore,  necessary  to  repeat 
the  observations  in  a  diflferent  manner  to  eliminate  this  uncertainty. 

Before  describing  these  it  may  be  mentioned  that  a  similar  series  of  tubes 
to  those  used  for  helium  were  prepared  with  argon,  but  none  of  the  tubes 
could  be  run  out  to  non-conductance  even  after  prolonged  action  of  the 
discharge.  During  the  greater  part  of  the  time  the  cathode  in  the  tube  filled 
at  lowest  pressure  (1'3  mm.)  was  bright  red-hot.  Only  this  tube  showed 
a  clear  spectrum.  All  the  others  filled  to  higher  pressur^s  had  a  confused 
spectrum.  In  filling  the  tubes  we  had  the  mistaken  impression  that  argon 
was  more  easy  to  run  out  than  helium.  Argon  spectrum-tubes  certainly 
often  run  out  more  readily  than  those  of  helium,  but  this  is  due  to  the  fact 
that  the  pressure  in  an  argon  tube  is  necessarily  so  much  lower  than  in 
helium  in  order  to  get  a  clear  spectrum.  A  good  helium  tube  may  be  filled 
to  6  or  8  mm.  without  confusing  the  lines,  but  in  argon  the  pressure  should 
not  be  much  over  a  millimetre.  To  get  results  with  argon  comparable  with 
those  for  helium  the  tubes  should  have  been  filled  to  about  one-tenth  the 
pressures. 

3.  The  Pressure  at  which  Pure  Helium  ceases  to  conduct. 
The  advantage  of  experimenting  with  sealed  tubes  is  that  thereby  the 
influence  of  contaminations  derived  from  lubricants  and  mercury  is 
eliminated.  In  the  present  series  of  experiments  mercury  vapour  was 
present,  and  found  not  to  exert  any  important  influence ;  but  lubricants 
were  completely  avoided  in  that  part  of  the  apparatus  containing  the  helium 
while  it  was  being  run.  The  spectrum-tube  was  of  the  same  pattern  as 
before,  but  was  kept  connected  throughout  the  experiment  with  a  specially 
designed  form  of  M'Leod  gauge  (fig.  1)  by  means  of  an  unconstricted  tube. 
The  graduated  tube  and  the  connecting  tubes  were  6  mm.  in  bore,  and  to 
avoid  the  latter  being  too  long  they  were  provided  with  glass  valves  closed 
by  the  rising  mercury  of  the  kind  usually  found  on  Topler  pimips.  The 
gai^  was  worked  without  rubber  tubing  by  varying  the  pressure  on  the 
meroiiry  in  the  reservoir.    By  the  special  arrangement  of  tubes  shown,  the 
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spectrum-tube  and  gauge  could  be  connected  with  or  shut  off  from  the  rest 
of  the  apparatus  by  lowering  or  raising  the  mercury,  so  that  the  apparatus 
constituted  a  mercury  tap  as  well  as  a  gauge.  Thus  the  vapour  of  lubricants 
was  avoided,  and  during  the  running  of  the  spectrum-tube  the  mercury 
sealed  off  the  connection    with   the    rest    of  the    apparatus.    With   this 
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Fig.  1. 


apparatus  the  earlier  results  were  at  once  confirmed.  If  helium  purified  by 
calcium  is  admitted  in  successive  small  doses  to  the  apparatus  and  run  out 
till  the  discharge  commences  to  .pass  an  inch  gap,  the  pressure  at  which 
non-conductance  obtains  reaches  a  maximum  of  0*7  mm.,  and  then  the 
admission  of  more  helium  and  further  running  to  non-conductance  always 
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reproduces  this  same  pressure.  In  common  gases  the  stage  of  non- 
conductance  is  usually  reached  very  abruptly  at  a  definite  pressure,  but  in 
the  monatomic  gases  a  heavy  cuiTent  will  partly  spark  across  a  given  gap 
when  a  feebler  current  would  pass  entirely  through  the  tube.  The 
observations  were,  therefore,  taken  under  as  nearly  comparable  conditions 
as  possible  as  regards  the  current  flowing.  Three  stages  were  recognised  in 
the  experiments.  In  the  first,  sparks  passed  regularly  at  intervals  of  a  few 
seconds;  in  the  second,  sparking  was  continuous,  about  half  the  current 
going  through  the  gap ;  and  in  the  third,  only  a  very  feeble  current  passed 
through  the  tube.  The  initial  passage  of  a  single  spark  or  a  few  sparks 
at  long  irregular  intervals  across  the  gap  was  ignored.  The  pressure  of 
0'7  mm.  corresponds  to  the  first  stage.  If  the  pressure  is  measured  after 
the  second  stage  is  reached,  it  is  found  to  be  about  0*55  mm.  When  the 
discharge  is  left  to  run  for  several  hours  until  the  third  stage  is  reached 
and  hardly  any  current  passes  through  the  tube,  the  pressure  sinks  to 
0'35  mm.,  and  does  not  further  decrease  however  long  the  discharge  is 
continued.  Increasing  the  spark-gap  to  2  inches  only  effects  a  very  slight 
additional  absorption  of  the  gas,  and  external  discharges  take  place  over  the 
glass,  owing  to  the  condenser  effect  of  the  aluminium  mirror  inside  the  tube, 
which  involve  the  risk  of  puncturing  the  tube. 

In  this  apparatus  the  pressure  at  which  sparks  from  a  small  coil 
commenced  to  jump  an  inch  gap  was  measured  in  helium  which  had  been 
purified  by  calcium  only  and  not  subjected  to  the  discharge.  It  was  found 
to  be  0*275  mm.  This  is  over  five  times  the  pressure  given  in  the  last 
paper,  and  is  due  to  a  more  thorough  removal  of  gases  from  the  electrodes 
prior  to  the  experiment,  and  to  the  absence  of  vapour  of  lubricating  grease. 
It  is  clear  that  running  the  tube  exerts  a  further  purification  of  the  helium 
by  the  absorption  of  the  last  remaining  impurities  in  the  electrodes,  and 
that  an  otherwise  undetectable  trace  of  impurity  makes  a  very  great  difference 
on  the  pressure  at  which  helium  becomes  non-conducting. 

In  helium  purified  by  calcium  and  the  prolonged  action  of  the  discharge, 
examined  in  a  straight  tube  30  mm.  wide  by  100  mm.  long,  with  two 
10  mm.  discs  of  aluminium  42  mm.  apart,  continuous  sparking  across  an 
inch  gap  occurred  at  a  pressure  of  0*39  mm.  The  total  amount  of  gas 
admitted  to  this  tube  during  the  experiment  was  recorded.  The  tube  was 
pumped  out  to  0001  mm.  On  standing  for  20  minutes  the  pressure  had 
risen  to  0*01,  and  after  18  hours  to  0*034,  due  to  the  spontaneous  liberation 
of  helium  in  the  cold.  The  tube  was  then  heated,  and  the  pressure 
rose  to  0*36  mm.  It  was  pumped  out  to  0*001,  and  reheated  more 
strongly,  when   the  pressure   of  the  gas  liberated   was   0*5  mm.     It  was 
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calculated  that  at  least  98  per  cent,  of  the  absorbed  gas  was  re-€volT«d 
through  heating.  As  at  this  temperature  none  of  the  gas  which  causes 
the  Campbell  Swinton  effect  (compare  Section  10)  is  liberated,  it  follows 
that  only  a  very  small  fraction  of  the  absorbed  gas  is  driven  into  the  glass 
itself. 

Experiments  were  made  to  see  if  helium  is  absorbed  during  simple 
volatilisation  of  aluminium  and  magnesium  by  heating  these  metals  in  » 
furnace  similar  to  that  employed  for  heating  calcium.  No  absorpnoa 
occurred.  This  suggests  that  the  absorption  in  the  case  of  helium  is 
electrical  or  mechanical  rather  than  chemical.  The  gas  molecules  moving 
under  the  electric  force  with  great  velocity  resemble  the  a-particles,  and 
are  able,  as  Campbell  Swinton's  results  indicate,  to  penetrate  the  surface  of 
the  glass  wall  to  a  very  slight  extent  and  remain  embedded.  If,  however, 
the  glass  is  covered  with  a  mirror  of  aluminium,  most  of  the  gas  is  stopped 
there  and  does  not  reach  the  .glass. 

An  arrangement  was  devised  to  compress  helium    after    it  had  been 
purified  by  calcium  and  run  till  non-conducting  in  a  spectrum-tube  without 
thereby  contaminating  it.    A  second  volume  of  about  100  cc,  capable  of 
being  filled  with  or  emptied  of  mercury  in  the  same  way  as  the  M*Ieod 
gauge,  was  attached  to  the  apparatus.    The  whole  apparatus  was  first  filled 
with  helium  and  run  to  non-conductance,  and  mercury  was  then  admitted 
to  compress  the  helium,  and  the  spark-gap  measured.     It  was  found  that 
the  gas  behaved  quite  normally.     Increasing  the  pressure  lowered  the  spark- 
gap,  and  on  expanding  the  original  spark-gap  was  regained.     The   helium, 
owing  to   the   larger  volume  of  the  apparatus,  was  not  quite  so  pure  as 
before,  and  the  pressure  in  one  experiment  with  the  sparks  passing  an  inch 
gap  was  0*43  mm.     At  0*68  mm.  the  gap  was  12  mm.,  and  at  1*64  mm.  the 
gap  was  3  mm.     An  attempt  was  made  to  get  an  approximate  value  in  volts 
for   the  various  spark-gaps  by  means  of  current  from  a  large  Wimshurst 
machine  and  a  Kelvin   electrostatic  voltmeter.    The  gap   of  an   inch  or 
25  mm.  corresponded  to   16,800   V.,  of   20  mm.  to  12,500,  of  10  mm.  to 

10,400,  of  5  mm.  to  7900,  and  of  2  mm.  to  5100. 

4.  Behavimir  of  Neon  and  Argon. 
The  results  obtained  with  neon  and  argon  were  quite  analogous  to  those 
recorded  for  helium.  With  neon  the  first  stage  of  non-conductance  with  an 
inch  gap  occurred  at  a  pressure  of  018  mm.,  the  second  at  010  mm.  and  the 
last  at  0*07  mm.  With  argon  a  great  many  observations  were  made  and 
the  three  pressures  were  0*055  mm.,  0*05  mm.,  and  004  mm.  In  one 
experiment  with  the  latter  gas  the  initial  pressure  in  the  tube  was  0*27,  and 
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it  took  four  hours'  running  before  the  tube  became  non-conducting.  During 
this  time  the  pressure  steadily  decreased  until  the  values  given  above  were 
reached.  Increasing  the  gap  to  2  inches  only  effected  a  slight  reduction  of 
pressure  to  0*037  mm.  In  an  experiment  with  neon  which  had  been  run  to 
the  last  stage  and  left,  the  pressure  rose  during  the  night  from  0*075 
to  0*09,  and  on  heating  the  tube  next  morning  a  pressure  of  0*4  mm. 
developed.  Only  30  seconds*  running  sufl&ced  to  reduce  this  to  02  mm., 
when  sp€u:ks  commenced  to  jump  the  gap. 

5.  Behaviour  of  Hydrogen,  Nitrogen,  and  Carbon  Dioxide. 

Similar  experiments  on  the  pressure  at  which  non-conductance  obtained 
were  performed  with  the  gases  hydrogen,  nitrogen,  and  carbon  dioxide. 
With  these  the  non-conducting  point  was  very  well  defined.  Thus  with 
hydrogen  practically  no  current  went  through  the  tube  at  a  pressure  of 
0*04  mm.  for  a  spectrum-tube,  and  0*03  mm.  fpr  a  wide  tube  of  the  kind 
described  (p.  99).  It  was  found  that  pure  hydrogen,  derived  from  palladium 
hydride,  behaved  in  the  same  way  as  the  gas  introduced  into  the 
apparatus  by  heating,  with  a  spirit  flame,  the  palladium  wire  of  a 
regulator  such  as  X-ray  bulbs  are  now  commonly  provided  with  for 
lowering  the  vacuum.  Cathode  fluorescence  commences  in  hydrogen  in 
a  spectrum-tube  at  0*1  mm.,  the  gap  was  5  mm.  at  0*07  mm.,  and  10  mm.  at 
0*06  mm.  In  nitrogen  non-conductance  is  reached  at  about  0*035  mm.,  and 
in  carbon  dioxide  at  about  0*02  mm.,  both  for  an  inch  gap.  At  a  pressure  at 
which  a  hydrogen  tube  would  give  an  inch  gap  a  carbon  dioxide  tube  would 
give  only  a  millimetre  gap. 

[Special  experiments  were  performed  with  pure  nitrogen  to  ascertain 
whether,  after  prolonged  running,  the  pressure  at  which  non-conductance  set 
in  was  raised  as  in  the  case  of  helium,  but  with  negative  result.  In  a  tube 
in  which  repeated  additions  of  nitrogen  were  absorbed  by  the  electrodes 
under  the  discharge,  the  pressure  at  which  non-conductance  occurred  with  an 
inch  gap  was  the  same  at  the  end  of  the  experiment  as  at  the  beginning  with 
nitrogen  which  had  not  been  run. — October  21.] 

The  gas  generated  from  the  electrodes  and  walls  of  a  new  spectrum-tube 
during  running  behaved,  as  its  spectrum  indicates,  like  a  mixture  of 
hydrogen  and  carbon  dioxide  and  with  an  inch  gap  is  non-conducting  at 
0*03  mm.  It  is  remarkable  how  abruptly  conducting  power  ceases 
when  the  pressure  falls  lower  than  0*04  to  0*02  in  common  gases.  The 
application  of  powerful  coils  may  cause  a  discharge  below  these  pressures^ 
but  only  by  first  lowering  the  vacuum.  The  facilitation  of  the  discharge 
by  the  use  of   electrodes  of  the  alkali   metals  or  calcium  is  analogous. 
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The  action  of  these  metals  is  probably  to  supply  hydrogen  solBBcient 
to  conduct  the  discharge.  The  evolution  of  hydrogen  from  calcium 
during  heating  formed  the  subject  of  frequent  reference  in  the  last  paper. 
In  operating  the  calcium  furnace  enough  hydrogen  is  always  evolved  on 
heating  a  fresh  piece  of  calcium  to  make  the  vacuum  a  far  better  conductor 
of  heat  than  air  at  atmospheric  pressure.  Probably  hydrogen-free  calcium 
has  never  yet  been  prepared. 

There  are  probably  many  otlier  reasons,  more  or  less  well  recognised,  that 
account  for  the  impression  that  the  degree  of  rarefaction  in  a  y€kcuum 
incapable  of  conducting  the  discharge  is  extreme.  Apparatus  to  be 
exhausted  is  usually  made  with  a  constricted  orifice  where  it  is  to  be  sealed 
off.  The  free  path  of  the  gas  becomes  comparable  with  the  diameter  of  this 
constriction  at  about  0*1  mm.,  or  higher  in  heavy  gases  and  vapours.  Below 
this  pressure  there  is  properly  speaking  but  slight  difference  of  pressure 
beiween  the  two  sides  of  the  orifice,  using  the  word  presmre  in  a  hydrostatic 
sense,  even  though  on  one  side  a  perfect  vacuum  is  maintained.  Diffusion 
alone,  not  flow,  operates  to  equalise  the  concentration  of  the  gas  on  the  two 
sides,  and  therefore  gauge  readings  of  pressure  in  apparatus  connected  to  the 
gauge  with  a  narrow  orifice  are  not  strictly  pressure  readings  at  all.  A  more 
important  error,  probably,  of  the  readings  is  the  usually  invariable  presence 
of  vapour  which  a  compression  gauge  will  not  detect  and  a  pump  will  not 
remove.  In  the  present  measurements  constrictions  were  avoided  and 
vapours  removed  by  the  action  of  calcium,  and  these  two  facts  probably 
account  for  the  pressures  at  which  non-conductance  obtains  being  com- 
paratively high.  It  is  doubtful  whether  the  lower  pressure  recorded  in  the 
case  of  carbon  dioxide  is  real  or  due  to  the  property  of  carbon  dioxide  of 
condensing  on  glass  surfaces,  vitiating  the  gauge  readings. 

6.  Behaviour  of  Mercury  Vapour, 

In  the  first  series  of  experiments  the  mercury  was  contained  in  an  H-tube 
provided  with  two  electrodes,  and  was  connected  to  a  shortened  fall-tube, 
which,  when  the  mercury  was  boiled  out,  acted  as  a  Sprengel  pump  worked 
with  the  condensed  mercury.  After  the  apparatus  had  been  exhausted 
as  completely  as  possible  by  the  mercury  pump,  the  mercury  in  the  tube 
was  rapidly  boiled  and  the  exhaustion  continued  by  means  of  the  condensed 
globules  of  mercury  falling  through  the  fall-tube.  Owing  to  the  liability  of 
the  glass  to  crack  during  prolonged  heating  the  method  was  abandoned. 
But  with  this  apparatus  the  cathode  fluorescence  of  the  discharge  was  not 
observed  when  the  temperature  of  the  mercury  was  above  90°,  and  the  tube 
was  non-conducting  to  an  inch  gap  below  60°. 
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In  the  next  experiments  the  apparatus  was  exhausted  by  means  of 
oalcium,  the  mercury  being  boiled  vigorously,  and  a  heavy  discharge  being 
passed  through  the  tube  during  the  operation.  After  this  treatment  the 
mercury  remained  non-conducting,  and  fluorescence  was  observed  at  much 
liigher  temperatures  than  if  the  calcium  treatment  had  not  been  adopted* 
T?he  cathode  fluorescence  was  observed  up  to  temperatures  of  about  110®, 
^which  corresponds  to  a  pressure  of  0*5  mm.  The  spark-gap  was  10  mm.  at 
a  temperature  corresponding  to  a  pressure  of  about  0*15  mm.,  while  below 
0"1  mm.  the  mercury  vapour  conducted  with  difficulty.  Hence  mercury 
vapour  resembles  the  monatomic  gases  both  in  the  effect  of  impurities  and 
the  high  pressure  at  which  it  remains  non-conducting. 

7.  Pressvre  in  an  X-ray  TtCbt  filled  with  Helium  or  Hydrogen. 

In  order  still  further  to  test  the  view  that  helium  conducts  the  discharge 
normally  except  for  the  higher  pressure  at  which  the  various  phenomena  of 
the  discharge  make  their  appearance,  an  X-ray  bulb  of  8  cm.  diameter  was 
attached  to  the  gauge  in  addition  to  the  spectrum-tube,  and  the  whole 
apparatus  thoroughly  freed  from  gas.  Helium  was  admitted  and  run  in  the 
spectrum-tube  till  the  discharge  passed  an  inch  gap  at  a  pressure  of 
0*41  mm.  The  mercury  in  the  gauge  was  then  momentarily  lowered,  and 
small  successive  quantities  of  the  helium  removed  by  the  pump,  and  the 
appearance  of  the  X-ray  tube  observed.  The  hemispherical  area  of 
fluorescence  accompanied  by  the  production  of  X-rays  just  able  to  penetrate 
the  glass  was  observed  at  a  pi*essure  of  0*31.  At  0*25  mm.  rays  capable  of 
penetrating  0*2  mm.  of  alimiinium  escaped  the  tube  and  the  spark-gap  was 
1*5  mm.  At  0*21  the  spark-gap  was  17  mm.  and  the  bones  of  the  hand 
could  be  well  seen.  At  0*15  mm.  the  spark-gap  was  22  mm.  and  the  flesh 
of  the  hand  was  quite  transparent  to  the  rays. 

It  must  be  pointed  out  in  this  experiment  that  the  helium,  though  pure  at 
the  start,  must  have  become  contaminated  as  the  pressure  was  reduced, 
owing  to  vapour  from  the  rest  of  the  apparatus  diffusing  back  during  the 
exhaustion,  and  to  gas  generated  from  the  electrodea  For  this  reason  the 
pressures  corresponding  to  the  longer  spark-gaps  are  probably  too  low,  and 
as  the  exhaustion  proceeded,  approached  more  and  more  closely  to  the 
values  for  a  common  gas  like  hydrogen.  But,  throughout,  the  appearance 
of  the  tube,  but  for  the  greenish  glow  at  the  commencement,  was  quite  normal. 

In  the  same  X-ray  tube,  hydrogen  derived  from  a  palladium  regulator 
gave  the  following  values : — Fluorescence  was  plain  at  0*13  mm.,  the  gap  was 
10  mm.  at  0*1,  20  mm.  at  0*08,  30  mm.  at  0-05,  40  mm.  at  0-035,  and  115  mm. 
At  0-02. 
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An  X-ray  bulb  of  the  usual  simple  "bianodal"  form  and  size,  13  cm, 
diameter,  was  attached  to  the  gauge  and  exhausted  entirely  with  the  mercury 
pump  in  the  ordinary  way,  the  tube  being  heated  in  an  oven  and  the  dis- 
charge kept  passing  after  the  fluorescent  stage  had  been  attained.  This 
operation  took  all  day,  whereas  with  calcium  it  could  have  been  done  easily 
within  the  hour.  After  cooling,  the  tube  was  run,  and  the  pressures  corre- 
sponding to  diflferent  spark-gaps  measured.  The  pressure  varied  firom 
0*008  mm.  to  0*005  mm.  with  a  gap  from  4  cm.  to  9  cm.  The  tube  was 
then  pumped  as  empty  as  possible,  and  subjected  to  the  action  of  calcium  to 
remove  vapours.  Hydrogen  was  then  introduced  through  a  palladium 
regulator.  Now  it  was  found  that  the  pressures  for  corresponding  spark-gape 
were  higher,  and  ranged  from  0*045  with  a  spark-gap  of  2  cm.  to  0*012 
with  a  spark-gap  of  9  cm.  It  is  probable  that  this  difference  is  due  to 
the  absence  of  condensable  vapours  in  the  second  case,  and  that  in  no 
case  the  real  pressure  in  an  X-ray  tube  is  below  the  hundredth  of  a 
millimetre. 

8.  Hie  Relation  of  Potential  to  Pressfwre  at  High  Pressures, 

On  the  view  put  forward  to  explain  the  high  pressure  at  which  helium 
becomes  non-conducting,  a  space  filled  with  a  certain  number  of  helium 
molecules  conducts  the  discharge  similarly  in  every  way  to  the  same 
space  filled  with  about  one-tenth  to  one-fifth  the  number  of  molecules  of  a 
common  gas  like  hydrogen.  This  point  of  view  at  once  brings  into  line  the 
behaviour  of  helium  at  atmospheric  pressure.  At  this  pressure  helium 
conducts  the  discharge  in  a  similar  manner  to  hydrogen  at  a  pressure  of 
several  centimetres— that  is  to  say,  the  discharge  passes  through  helium  at 
atmospheric  pressure  as  a  ribbon  or  flickering  line  of  light.  In  order  to 
investigate  this  point  more  closely,  the  curves  connecting  pressure  and 
voltage  in  hydrogen  and  helium  wei*e  compared  in  a  very  long  wide  tube  by 
the  aid  of  an  8-plate  Wimshurst  machine  and  a  Kelvin  electrostatic  volt- 
meter. The  current  was  kept  constant,  by  regulating  the  speed  of  the 
machine,  at  about  0*3  milliampfere.  The  voltage  in  hydrogen  remained  at  a 
minimum  of  about  1100  V.  from  0*62  to  0*3  mm.,  rising  rapidly  above  and 
very  suddenly  below  these  limits.  In  helium  the  minimum  potential  was 
below  1000  v.,  the  minimum  range  of  the  instrument,  at  from 
6  to  0*54  mm.  The  tube  was  70  cm.  long,  25  mm.  diameter,  with  two 
aluminium  discs  15  mm.  diameter,  64  cm.  apart.  The  helium  employed 
was  spectroscopically  quite  pure  at  the  commencement  of  the  experiment, 
having  been  fractionated  by  charcoal  cooled  in  liquid  air,  but  no  special 
effort  was  made  to  remove  the  unavoidable  contaminations  from  taps,  elee- 
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trodes,  etc.,  introduced  daring  the  experiment.  At  60  mm.  the  potential  in 
helium  was  7750  V.,  and  in  hydrogen  this  same  potential  was  reached  at 
12  mm.  In  hydrogen  at  30  mm.  the  potential  was  about  16,000  Y.,  while  in 
lielium  at  the  same  pressure  the  potential  was  3400  Y.  The  smoothed  cuitos 
wae  shown  in  the  figure. 


In  the  curves  drawn  in  dotted  lines  the  scale  of  the  pressure  axis  is 
increased  100  times,  so  that  these  curves  represent  the  relation  of  voltage 
with  pressure  up  to  0*5  mm.  In  specially  purified  heUum  the  curve  would, 
of  course,  be  very  considerably  displaced  to  the  right. 

The  curve  for  argon  at  high  pressure  is  also  included  in  the  figure,  and  it 
will  be  seen  to  approach  helium  more  nearly  than  hydrogen.  The  fact  that 
argon  becomes  non-conducting  with  an  inch  spark-gap  at  the  same  pressure 
as  hydrogen  does  not  truly  represent  the  relation  between  the  two  gases,  for  at 
higher  pressures  up  to  the  pressure  of  maximum  conductivity,  argon,  like 
helium,  conducts  less  readily  than  hydrogen,  while  in  the  region  of  high 
pressure  it,  like  helium,  conducts  far  more  easily.  The  monatomic  gases  in 
general  appear  to  be  what  has  been  termed  electrically  inert,  and  if  the 
effectiveness  of  a  molecule  in  allowing  or  resisting  the  passage  of  a  discharge 
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is  to  be  associated  with  the  number  of  relatively  free  electrons  it  contains,  the 
monatomic  gases  appear  from  their  electrical,  as  well  as  from  their  chemical, 
inertness  to  be  relatively  deficient  in  easily  displaceable  electrons.  But  this 
point  of  view  carries  with  it  the  corollary,  since  even  in  the  purest  state  the 
monatomic  gases  are  undoubtedly  capable  of  conducting  and  becoming  ionised, 
that  their  chemical  inertness  is  relative  rather  than  absolute.  This  was  the 
view  taken,  we  believe,  by  Dr.  Larmor  in  connection  with  the  previous  paper. 

Possibly  the  results  described  may  be  connected  with  the  observations  of 
Strutt,*  who  found  the  spark  potential  in  helium  and  nitrogen  greatly 
affected  by  minute  traces  of  impurity,  and  of  Warburg,f  who  found  the 
cathode-fall  in  gases  greatly  affected  by  moisture  and  other  impurities.  But 
even  if  impurities  exert  a  specific  "  catalytic  "  effect  on  the  electrical  properties 
of  the  gas  with  which  they  are  mixed,  apart  from  the  effect  proper  to  their 
partial  pressure,  it  does  not  affect  the  conclusion  that  the  monatomic  gases 
are  relatively  electrically  inert. 

We  wish  to  express  our  indebtedness  to  the  Carnegie  Trust  for  some  of  the 
apparatus  used  in  the  measurements  given  in  this  section. 

9.  Betention  of  the  Rare  Oases  by  Aluminium  Electrodes. 

In  Section  2  it  was  recorded  that  a  batch  of  new  spectrum-tubes  developed 
the  helium  spectrum  during  preparation,  and  the  matter  appeared  to  call  for 
fuller  examination.  The  conditions  under  which  the  spectrum-tubes  were 
prepared  were  novel,  in  that  the  occluded  gas  was  not  pumped  out,  but 
absorbed  chemically  within  the  apparatus.  Since  six  tubes  with  excep- 
tionally heavy  electrodes  were  treated  at  once,  the  conditions  were  very 
favourable  for  the  detection  of  a  minute  trace  of  an  inert  gas  produced  by 
the  discharge  or  evolved  from  the  electrodes  which  otherwise  would  have 
been  certainly  overlooked.  At  first  it  was  thought  that  the  results  might  be 
connected  with  those  of  v.  Hirsch^J  who  observed  the  continuous  formation 
of  a  gas  during  the  cathode-ray  discharge,  independently  of  the  nature  of  the 
gas  initially  present,  with  properties  which  pointed  to  a  possible  molecular 
weight  of  4.  But  Dr.  von  Hirsch  about  this  time  came  and  re-examined  his 
gas  in  this  laboratory  by  means  of  the  calcium  apparatus,  and  found  it  was 
certainly  not  helium. 

A  quantity  of  new  aluminium  wire  and  discs  of  the  same  kind  as  employed 
in  the  spectrum-tubes  was  procured  from  the  maker  of  the  tubes.  This  was 
heated  to  a  very  high  temperature  in  a  furnace  similar  to  those  employed  for 

♦  *  Phil.  Trans.,'  1900,  A,  vol.  193,  p.  377. 
t  *  Wied.  Ann.,'  1890,  vol.  40,  p.  1. 
X  *PhyB.  Zeit,*  1907,  vol.  8,  p.  461. 
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calcium,  but  it  failed  to  give  the  least  indication  of  helium.  Other  spectrum- 
tubes  at  a  later  date  from  the  same  maker  also  did  not  give  the  least  trace  of 
Iielium  when  examined  under  conditions  identical  to  those  described. 

The  most  probable  explanation  appeared  to  be  that  some  of  the  electrodes 
in  the  first  batch  of  tubes,  probably  the  disc  anodes,  for  the  cathodes  were 
almost  certainly  new,  must  have  been  old  and  used  in  previous  experiments 
with  helium  before  they  came  into  our  hands,  and  that  sucli  electrodes  must 
be  capable  of  retaining  sufficient  gas  to  show  a  spectrum  when  remounted  in 
new  tubes. 

At  the  close  of  the  investigation  the  second  point  was  specifically  examined. 
The  electrodes  of  the  tubes  used  in  the  experiments  of  Sections  3  and  4  were 
chosen  for  the  test.  The  neon  tube  was  first  tried.  It  had  been  cut  down 
five  months  before  and  since  left  open  to  the  air.  The  cathode  was  first 
mounted  in  a  new  spectrum-tube  with  a  new  similar  electrode  fresh  cut  from 
a  length  of  new  aluminium  wire  of  the  same  size  and  quality.  It  was 
attached  to  a  calcium  furnace  through  a  tap  and  during  the  running  the  flow 
of  gas  was  regulated  to  keep  the  tube  fluorescent.  As  the  spectrimi  cleared 
the  neon  yellow  Ds  (5852*6;  showed  clear  and  distinct  in  the  sodium, 
hydrogen,  and  mercury  spectrum,  its  position  being  exactly  fixed  with  reference 
to  the  two  sodium  lines.  The  tube  was  cut  down  and  the  disc  anode  of  the 
old  tube  inserted  in  place  of  the  new  electrode,  and  then  the  tube  was 
re-examined  as  before.  Again  D5  was  seen,  but  much  brighter  than  before. 
After  the  calcium  furnace  had  cooled,  it  was  filled  with  mercury  and  the 
contained  gas  compressed  about  15  times  into  a  second  spectrum-tube.  Now 
the  latter  showed  unmistakably  to  the  eye  the  characteristic  orange  glow  of 
neon,  and  the  spectrum  showed  all  the  chief  red  and  orange  Unes  together 
with  the  helium  line  Dg  faint,  and  the  lines  of  hydrogen  and  mercury.  The 
original  neon,  which  had  been  prepared  by  Mr.  Berry  by  Dewar's  fractionation 
method,  showed  the  helium  Da  in  about  the  same  relative  intensity.  It  can 
only  probably  be  removed  from  the  spectrum  by  fractionating  the  gas  with 
liquid  hydrogen.  Contrary  to  the  statement  in  Travers'  "  Experimental  Study 
of  Grases  "  (p.  312),  the  neon  green  line  (5016)  was  not  visible. 

The  helium  tube  was  then  examined.  It  had  been  cut  down  five  months 
previously,  but  in  this  case  had  been  sealed  up,  unexhausted,  to  exclude  moisture. 
Both  electrodes  were  sealed  in  a  new  spectrum-tube.  The  helium  yellow  D3 
was  observed  almost  immediately  after  the  commencement  of  running,  and 
later  the  helium  red  (6677)  faintly.  Fi*om  previous  experience,  the  quantity 
of  helium  present  could  be  accurately  estimated.  Its  partial  pressure  was 
about  O'Ol  mm.,  and  as  the  volume  of  the  apparatus  was  about  200  cc,  the  total 
quantity  was  about  3  cubic  millimetres,  measured  at  atmospheric  pressure 
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This  quantity  would  have  given  the  whole  spectrum  brilliantly  if  the  apparatus 
had  been  filled  with  mercury,  but  the  result  was  certain  without  this  being  done. 

The  argon  tube,  like  the  neon  tube,  had  been  left  open  to  the  air  for  five 
months.  The  anode  only  was  sealed  into  a  new  tube  with  a  new  electrode. 
It  gave,  on  running,  clear  but  faint  argon  lines  in  the  blue  region  of  the 
spectrum,  and  on  compressing  the  gas  at  the  end  of  the  experiment  the  blue 
argon  spectrum  was  clear. 

[About  a  year  previously,  before  any  neon  had  been  used  in  the  laboratory, 
a  number  of  old  spectrum-tubes  had  been  broken  up  tod  the  electrodes 
recovered.  These  had  since  remained  in  an  open  dish  exposed  to  air.  A  dozen 
of  these  electrodes,  selected  at  random,  were  heated  in  a  vacuum  furnace 
to  the  melting  point  of  aluminium,  and  the  gases  evolved  absorbed  by  calcium 
in  a  second  vacuum  furnace.  The  helium  yellow  line.  Da,  was  seen  clear  but 
faint.  On  compressing  the  gas  about  14  times  by  admitting  mercury,  the 
prominent  red  and  green  lines  of  the  spectrum  were  also  seen.  The  quantity 
of  helium  was  estimated  to  be  about  a  fifth  of  a  cubic  millimetre. — October  21.] 

These  experiments,  therefore,  prove  that  aluminium  electrodes  tenaciously 
retain  traces  of  argon,  neon,  and  helium  after  they  have  been  used  in 
connection  with  these  gases,  and  indicate  that  the  explanation  advanced  for 
the  extraordinary  appearance  of  helium  in  the  first  batch  of  spectrum-tubes  is 
probably  correct  and  sufficient. 

10.  TJie  Campbell  Svnnton  Effect, 
The  glass  parts  of  the  spectrum-tubes,  of  which  the  electrodes  had  been 
used  in  the  experiments  described  in  last  section,  were  examined  for  the  effect 
described  by  CampbeU  Swinton,*  who  showed  that  if  the  glass  of  a  vacuum- 
tube  used  with  hydrogen  or  helium  is  fused  in  a  flame  it  becomes  clouded 
and  under  the  microscope  is  seen  to  be  permeated  to  some  depth  from 
the  inside  surface  with  a  multitude  of  minute  splierical  bubbles.  All 
three  of  our  tubes  showed  this  effect  with  the  most  remarkable  clearness, 
but  the  argon  tube  was  by  far  the  best.  Indeed,  when  the  glass  of  this 
tube  was  fused  it  appeared  to  boil,  and  the  bubbles  could  be  seen  and 
heard  bursting.  If  the  heating  was  stopped  sooner  the  glass  surface  at  first 
sight  appears  completely  devitrified,  but  under  a  very  small  magnifying 
power  the  effect  could  be  seen  to  be  due  to  bubbles  which  were  quite  large 
where  the  glass  had  been  most  strongly  heated.  In  the  helium  and  neon 
tubes,  and  also  the  argon  tube,  the  cathode  chamber  showed  this  effect  every- 
where where  particles  travelling  at  right  angles  to  the  surface  of  the  wire 
cathode  could  reach  the  glass,  but  no  effect  whatever  appeared  behind  the 
♦  'Roy.  Soc.  Proc.,'  1907,  A,  voL  79,  p.  134. 
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plane  cutting  the  wire  cathode  at  right  angles  drawn  through  the  end  of  the 

-glass  tube  in  which  the  cathode  was  sheathed.    The  anode  chamber  of  the 

helium  and  neon  tubes  showed  a  well-marked  line  of  bubbles  corresponding 

to  the  edge  only  of  the  anode  disc,  absent  on  the  side  where  the  side  tube  had 

been  attached.     In  the  argon  tube  this  was  absent,  but  the  small  part  of  the 

^node  chamber  immediately  bordering  on  the  capillary  was  strongly  affected. 

[The  fact  that  the  argon  tubes  showed  the  efifect  so  prominently  raised  a 

doubt  whether  Campbell  Swinton's  explanation,  that  the  bubbles  are  caused 

by  the  discharge  gases  being  driven  into  the  glass  and  remaining  embedded 

below  the  surface,  could  be  correct.     Some  of  the  glass  from  the  argon  tube 

was  heated  in  an  iron  tube  in  a  vacuum  furnace,  and  the  gases  absorbed  in  a 

.second  furnace  by  calcium.    The  temperature,  subsequently  deteimined  by  a 

3)latinum  and  platinum-indium  couple,  was  in  the  neighbourhood  of  1300**  C. 

The  glass  frothed  copiously,  and  was  largely  blown  out  of  the  iron  tube. 

Argon,  if  present  at  all,  could  only  have   been   but  the  merest  trace  as, 

although  a  faint  argon  spectrum  was  observed,  it  was  not  more  than  could  be 

-accounted  for  by  a  slight  leak  in  the  apparatus  which  interfered  with  the 

test.     Certainly  the  main  frothing  of  the  glass  was  not  due  to  embedded 

>aigon,  and  probably  no  argon  was  given  off  by  the  glass. 

It  was  considered  more  satisfactory  tx)  try  the  glass  of  the  neon  and  helium 
^tubes  in  a  similar  way,  as  the  appearance  of  these  gases,  if  observed,  is  less 
-equivocal  than  in  the  case  of  argon.    No  trace  of  neon  was  obtained  from  the 
:glass  of  the  neon  tube  which  showed  the  Campbell  Swinton  effect  strongly. 
With  the  glass  of  the  helium  tube  the  line  D3  was  faintly  visible.     Some 
more  of  the  glass  was,  therefore,  first  heated  in  an  exhausted  tube  of  Jena 
rglass  to  a  red  heat  to  drive  off  gases  condensed  on  the  surface.    The  tempera- 
ture was  not  high  enough  to  develop  bubbles,  and  the  glass  remained  quite 
-clear.    This  glass  was  then  heated  in  a  vacuum  furnace  as  before  to  about 
1300°  C.    No  trace  of  helium  was  observed,  even  when  the  apparatus  was 
•filled  with  mercury. 

These  experiments  show  that  the  gas  which  causes  the  bubbles  is  not  the 
•discharge  gas  driven  into  the  glass.  The  bubbles  are  in  all  probabiUty  a 
:8econdaTy  effect,  due  to  the  chemical  decomposition  of  the  glass  under  the 
influence  of  local  heating  produced  during  the  bombardment.  There  are 
probably  in  glass  always  sufficient  undecomposed  carbonates  or  sulphates  to 
account  for  the  effect,  for  porcelain,  which  is  fired  at  a  far  higher  tempera- 
ture than  glass,  gives  off  a  copious  supply  of  gases  consisting  largely  of 
carbon  dioxide  and  hydrogen  when  heated  in  a  vacuum  above  1000®  C.  If 
the  experiment  is  prolonged,  several  cubic  centimetres  of  gas  may  be  pumped 
ctt— October  21.] 
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Note  on  the  Sensihility  of  the  Ea/r  to  the  Direction  of  Explosivi 

Sounds. 
By  A.  Mallock,  F.R.S. 

(Received  October  22,— Read  November  21,  1907.) 

Soon  after  the  introduction  of  modern  rifles,  which  give  their  projectilej 
a  velocity  much  higher  than  that  of  sound,  I  noticed  that  when  standing  ir 
a  position  in  front  of  the  gun  and  not  far  from  the  Une  of  fire,  the  sounc 
seemed  to  come,  not  from  the  firing  point,  but  from  some  point  considerablj 
in  advance  of  the  gun.  The  natural  explanation  seemed  to  be  that  the  sounc 
thus  heard  was  not  that  of  the  explosion  itself,  but  was  caused  by  the  wave- 
surface,  which  is  generated  in  the  air  by  the  projectile,  moving  at  a  velocitj 
higher  than  sound.  In  1898  I  made  some  observations  at  the  ranges  a1 
Broundown  to  see  if  the  apparent  directions  agreed  with  this  supposition.  A 
large  range  like  Broundown,  however,  at  which  many  parties  are  firing  at  the 
same  time,  was  not  a  very  good  place  for  such  observations,  but  in  the  present 
year  I  have  again  made  similar  experiments  under  much  more  favourable 
circumstances.  It  is  clear  (if  the  source  of  the  sound  is  due  to  the  wave 
caused  by  the  projectile)  that  the  apparent  direction  of  the  sound  will  be  the 
normal  to  the  wave-surface,  and  that  if  the  direction  of  this  normal  is  known 
the  velocity  of  the  projectile,  at  the  time  that  that  particular  portion  of  the 
wave-surface  was  generated  which  ultimately  reaches  the  observer,  can  be 
calculated. 

I  now  record  these  observations,  not  as  giving  a  practical  method  o: 
ascertaining  the  velocity  of  projectiles,  but  as  showing  that  the  ear  car 
distinguish  with  considerable  accuracy  the  direction  of  a  sound  which  consists 
not  of  a  train  of  waves,  but,  at  most,  of  two  waves  only.  The  figure  gives  th< 
plan  of  the  range  and  the  stations  at  which  the  observations  were  made. 

The  arrows  through  these  points  show  the  direction  of  the  sound  aj 
judged  by  ear.  Each  arrow  is  the  mean  of  eight  observations  which  rarelj 
difiered  among  themselves  by  more  than  two  or  three  degrees. 

That  portion  of  the  wave-surface  which  passes  the  observer  at  any  statioi 
wais  generated  at  the  point  where  the  apparent  direction  of  the  sound  cuti 
the  line  of  fire,  and  since  the  trace  of  the  wave  on  the  trajectory  necessarilj 
has  the  velocity  of  the  projectile  at  the  place  where  it  was  formed  and  movei 
along  the  normal  with  the  ordinary  velocity  of  sound,  it  is  plain  that  at  thost 
points  the  velocity  of  the  bullet  is  the  velocity  of  sound  -+-  the  sine  o 
the  angle  which  the  tangent  to  the  wave-surface  makes  with  the  trajectory. 
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The  spots,  +,  show  the  velocities  thus  computed,  and  the  full  curve 
gives  the  actual  velocity,  as  determined  by  firing,  at  various  ranges  up  to 
1000  yards,  into  a  ballistic  pendulum. 


The  arrows  show  the  apparent  direction  of  the  sound  at  the  stations  A  B  C  .  •  • 

The  dotted  lines  are  the  normals  to  the  wave-surface,  calculated  from  the  known 
velocity  of  the  projectile. 

The  full  curve  is  the  velocity  of  the  projectile,  obtained  from  experiments  with  the 
ballistic  pendulum. 

The  spots,  +,  are  the  velocities  of  the  projectile,  as  deduced  from  the  observed  direction 
of  the  sound. 

The  method  by  which  the  observations  of  the  direction  of  the  sound  were 
made  rendered  it  almost  impossible  for  any  bias  on  the  part  of  the  observer 
to  affect  the  result. 

At  each  station  a  piece  of  paper  fixed  to  a  drawing  board  was  placed  on 
the  ground  and  a  line  ruled  on  it  was  directed  to  the  firing  point.  At  each 
shot  the  observer  determined  in  his  own  mind  what  point  in  the  horizon 
the  sound  seemed  to  come  from  (this  could  be  located  by  reference  to  some 
distant  tree  or  other  object),  and  a  line  was  then  drawn  on  the  paper  in  that 
direction. 

After  all  the  observations  had  been  completed  a  plan  of  the  range  was 
made  from  the  25-inch  Ordnance  Map  and  the  positions  of  the  observing 
stations  were  marked.  The  observed  angles  between  the  direction  of  the 
sound  and  the  line  joining  the  station  with  the  firing  point  were  tlien  laid  off, 
and  thus  the  angles  between  the  direction  of  the  sound  and  the  line  of  fire 
were  found. 
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The  agreement  of  the  values  of  the  velocities  thus  obtained  with  the  true 
velocities  shows  the  degree  of  accuracy  with  which  the  direction  of  the 
sound  was  estimated.  In  this  case  the  difiference  between  the  true  and 
observed  directions  was  seldom  more  than  a  few  degrees  and  was  generally 
in  one  direction. 

A  sound  which  is  caused  by  the  detached  waves,  such  as  those  which 
accompany  a  bullet,  can  scarcely  be  said  to  have  a  pitch,  but  the  wave-length 
is  certainly  small  compared  with  the  distance  between  the  ears,  and  is 
indeed  comparable  with  the  dimensions  of  the  bullet  itself.  It  would  seem^ 
therefore,  that  the  ears  can  determine  the  direction  of  a  sound,  not  only 
by  difference  of  phase,  but  by  the  actual  difference  in  the  times  at  which  a 
single  pulse  reaches  them. 

It  may  be  mentioned  that  the  difficulty  in  determining  the  apparent 
direction  of  the  sound  increased  considerably  as  the  observer  approached  the 
firing  point,  for  there  the  noise  of  the  actual  explosion  became  comparable 
with  that  caused  by  the  bullet  At  a  distance  of  500  yards  the  noise  of  the 
explosion  was  inconsiderable  and  at  1000  yards  almost  inaudible. 
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Magnetic  Declination  at  Kew  Observatory^  1890 — 1900. 

By  C.  Chree,  ScD.,  LL.D.,  F.RS.,  Superintendent,  Observatory  Department, 
National  Physical  Laboratory. 

(Received  November  2, — Read  December  12,  1907.) 
(From  the  National  Physical  Laboratory.) 

(Abstract.) 

The  paper  deals  with  the  phenomena  exhibited  by  the  magnetic 
declination  at  Kew  from  1890  to  1900.  The  magnetograph  curves  have  been 
measured  on  every  day  of  this  period,  whether  disturbed  or  undisturbed,  and 
the  data  from  days  of  the  different  species  are  contrasted.  Diurnal 
inequalities  are  got  out  for  ordinary  days,  excluding  those  of  large  dis- 
turbance, and  separately  for  the  highly  disturbed  days,  and  the  differences 
between  these,  and  the  points  wherein  they  differ  from  the  corresponding 
inequalities  from  quiet  days,  are  investigated. 

The  disturbed  days  show  a  well-marked  regular  diurnal  variation,  which 
differs  in  many  notable  respects  from  that  observed  on  ordinary  days. 

When  the  inequalities  are  analysed  in  Fourier  series,  it  is  found  that  the 
difference  mainly  centres  in  the  24-hour  term,  whose  amplitude  and  phase 
seem  both  largely  influenced  by  disturbance.  The  variation  in  the 
phenomena  presented  by  disturbances  throughout  the  year  are  investigated 
from  several  points  of  view. 

The  absoltUe  range  of  the  declination  (absolute  maximum  less  absolute 
minimum)  was  determined  for  every  day  of  the  11  years,  and  special  attention 
is  given  to  the  variation  of  this  quantity  throughout  the  year,  and  from 
year  to  year.  With  a  view  to  throwing  light  on  the  theories  of  Arrhenius, 
Maunder  and  others,  on  the  origin  of  magnetic  storms,  a  minute  comparison 
is  made  of  the  relationship  between  the  absolute  ranges  and  (Greenwich) 
sunspot  areas  throughout  the  11  years.  Whilst  the  results  do  not  preclude 
the  possibility  that  Arrhenius'  theory  may  be  true  of  a  certain  number  of 
magnetic  storms,  they  seem  to  indicate  that  it  cannot  be  a  complete 
explanation  of  the  facts. 

The  paper  aims  at  reaching  results  of  a  novel  or  critical  character,  and 
makes  no  attempt  to  chronicle  the  very  bulky  material,  embracing  over 
100,000  actual  curve  readings,  on  which  it  is  based. 

The  cost  of  the  reductions  has  been  partly  defrayed  by  a  grant  obtained 
from  the  Government  Grant  Committee  in  1904 
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1.  Introduction, 

The  research  described  in  this  paper  was  commenced  by  Dr.  Grindley  at 
the  suggestion  of  Professor  Osborne  Reynolds  in  the  Whitworth  Engineering 
Laboratories,  the  Owens  College,  Manchester.  Mr.  Gibson  continued  the 
research  after  Dr.  Grindley  had  left  Manchester. 

The  experiments  were  commenced  with  the  object  of  determining,  on 
a  larger  experimental  scale  than  usual,  the  coefficient  of  viscosity  of  air  and 
other  gases  and  the  variation  of  this  coefficient  with  temperature. 

The  present  research,  however,  developed  into  a  more  complete  investigation 
of  the  resistances  to  the  passage  of  air  through  a  pipe.  The  velocities  of  flow 
of  the  air  through  the  pipe  in  the  experiments  by  Dr.  Grindley  were  for  the 
most  part  above  the  critical  velocity,  the  critical  velocity  being  the  velocity 
of  flow  below  which  the  motion  is  steady  or  stream  line  and  above  which  the 
motion  becomes  eddying  or  turbulent,  the  laws  of  resistance  to  the  passage 
of  the  air  being  dififei-ent  in  the  two  kinds  of  flow. 

These  experiments  by  Dr.  Grindley  indicated  the  value  of  the  critical 
velocity  of  flow  through  the  particular  pipe  used  in  the  experiments,  but  the 
few  experiments  at  velocities  of  flow  below  the  critical  were  insufficient  to 
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permit  any  deductions  on  viscosity  to  be  made,  and  it  was  left  to  Mr.  Gibson 
to  make  all  the  experiments  at  velocities  of  flow  below  the  critical,  from  the 
results  of  which  the  coeflBcient  of  viscosity  has  been  deduced  in  this  paper. 

The  scope  of  the  research  may  best  be  shown  by  the  following  summary  of 
some  of  the  more  important  deductions. 

(1)  The  coefficient  of  viscosity,  /a,  of  dry  air  at  0°  C.  is  0-0001702  in 
•C.G.S.  absolute  units. 

(2)  The  law  of  variation  of  fi  with  temperature  has  been  determined 
between  the  temperature  limits  0°  C.  and  100°  C,  and  is  found  to  be 
represented  by  an  equation  of  the  form 

^       1  +  CT-^* 

where  K  and  C  are  constants,  and  t  is  the  absolute  temperature. 

(3)  The  absence  of  dependence  of  fi  on  the  density  of  the  air  has  again 
ireceived  experimental  verification. 

(4)  The  critical  velocity  for  a  small  lead  pipe — about  1/8  of  an  inch 
-diameter — has  been  determined. 

(5)  In  the  turbulent  motion  of  air  through  a  pipe,  the  resistance  hats  been 
found  to  be  independent  of  the  pressure  of  aii'  in  the  pipe,  and  to  be 
proportional  to  (velocity)",  where  n  =  1*25  for  this  pipe. 

(6)  The  law  of  variation  of  this  resistance  with  temperature  has  been 
determined. 

2.  Description  of  the  Appliances, 

The  general  arrangement  of  the  apparatus  is  shown  in  fig.  1.  It  consists 
^f  two  gasholders  A  and  B  each  of  a  little  over  3  cubic  feet  capacity  and 
connected  by  a  length  of  lead  tubing  of  roughly  1/8  of  an  inch  internal 
diameter.  Part  of  this  length  is  to  be  used  as  the  experimental  tube,  and 
at  the  ends  of  this,  arrangements  for  measuring  the  pressures  are  provided. 

The  gasholder  A  contains  air  which  can  be  forced  through  the 
experimental  tube  and  into  B  by  the  simple  expedients  of  admitting  water 
into  the  lower  part  of  A  and  emptying  B  of  water  contained  by  it  at  the 
beginning  of  each  experiment. 

These  vessels  A  and  B  were  calibrated  so  that  the  volume  of  air  leaving  or 
entering  in  any  time  interval  could  be  obtained  at  once  from  the  graduated 
gauges  aa  and  hh  by  observing  the  heights  of  the  columns  of  water  in 
these  tubes. 

The  length  of  tube  between  A  and  B  is  practically  all  wound  on  a  central 
cylinder  of  brass  D,  the  tube  being  wound  at  a  constant  small  tension  and 
fitting  into  a  properly  turned  helical  groove  on  the  outer  surface  of  the  drum, 
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the  groove  being  just  wide  enough  to  take  the  tube,  and  about  5/32  of  an 
inch  deep,  the  pitch  of  the  helix  being  one-third  of  an  inch. 


This  i-ylinder  D  rested  on  three  supports  c,  c,  c,  so  as  to  occupy  the  upper 
rtMUral  portion  of  a  large  circular  vessel  C  of  diameter  20  inches  and  height. 
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30  inches.  The  axis  of  the  cyliuder  D  was  made  vertical  by  means  of  thfe 
three  levelling  screws  dd  in  the  table  supporting  the  vessel  C.  For  making 
experiments  at  different  temperatures,  the  vessel  C  was  filled  with  water, 
which  could  be  raised  or  lowered  to  any  desired  temperature  by  admitting 
«team  through  the  valve  V  or  by  introducing  ice  into  the  lower  part  of  C 
by  tlie  side  chute  E.  A  wire  gauge  gg  for  keeping  the  ice  in  the  lower  part 
of  the  vessel,  a  screw  stiiTcr  and  a  thermometer  were  also  provided  in 
vessel  C. 

The  total  length  of  lead  tube  inside  the  vessel  C  was  about  190  feet,  of 
which  about  75  feet,  or  20'1  coils,  were  used  to  change  the  temperature  of 
the  ail*  which  is  flowing  through  the  tube  to  that  of  the  surrounding  water 
before  it  passes  into  the  experimental  part,  which  consists  of  about  108  feet 
of  tubing,  or  over  29  coils.  From  the  end  of  the  experimental  tube  a  further 
8  feet  of  tube  passed  the  air  into  the  gasholder  B. 

The  pressures  in  A  and  B  and  at  the  ends  of  the  experimental  tube  are 
required,  and  those  for  vessels  A  and  B  were  obtained  by  two  mercury 
manometer  gauges,  Mi  and  Ma.  The  pressures  at  the  ends  of  the  experi- 
mental tube  required  to  be  taken  very  accurately,  and  they  were  obtained 
in  the  following  manner : — At  each  end  of  the  experimental  tube,  the  tube 
was  raised  out  of  its  groove  on  cylinder  D,  a§  shown  in  fig.  2,  G  and  G  being 


Fig.  2. 


two  brass  grooved  pieces  fastened  to  the  drum  D.  H  is  also  a  brass  piece 
fastened  to  the  drum  D,  but  having  a  central  hole  of  diameter  equal  to  the 
mean  internal  diameter  of  the  lead  tube.    From  this  passage  the  pressure  of 
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the  air  is  taken  by  means  of  the  small  hole  n,  leading  to  the  vertical  tube  K 
(shown  in  fig.  1  and  partly  in  fig.  2),  which  in  turn  communicates  with  the 
pressure  gauges.  As  shown  in  fig.  2,  the  experimental  tube  LL  enters  the 
flanged  nipple  R,  and  is  soldered  to  tliis  at  Q. 

The  pressures  are  read  from  the  vertical  pressure  tubes  KK  as  follows : — 
The  low  pressure  end  of  the  experimental  tube  is  in  communication  with  two 
gauges,  one  (a  mercury  gauge)  giving  the  actual  pressure  at  this  point,  while 
the  second  (a  water  gauge  with  inclined  scale),  M3,  was  also  in  communi- 
cation  with  the  high  pressure  end  of  the  tube,  and  thus  recorded  the  pressure 
difTerence  along  the  experimental  tube. 

It  is  estimated  that  the  limit  of  accuracy  attainable  with  this  pressure 
gauge  was  in  the  neighbourhood  of  1  in  250,  and  in  consequence  the  results 
of  any  experiment  cannot  claim  any  further  degree  of  accuracy  than  about 
one-half  of  1  per  cent. 

In  all  experiments  carried  out  below  the  critical  velocity,  drying  tubes 
were  placed  below  the'gasholder  A  and  the  experimental  tube. 

For  much  assistance  in  making  the  apparatus,  the  authors  are  indebted  to 
Mr.  T.  Foster,  of  the  Whitworth  Engineering  Laboratories  at  the  Manchester 
University. 

.X  Theoretical  Considerations. 

When  the  velocity  of  flow  of  the  air  through  the  pipe  is  less  thaa  the  critical 
velocity,  the  equation  connecting  the  flux  and  the  fall  of  pressure  is  easily 
deduced*  from  the  definition  of  the  coefficient  of  viscosity.  It  appears  that 
if  a  is  the  inner  radius  of  the  pipe,  I  its  length,  and  po^pi  the  difiFerence  of 
the  pressures  at  the  ends  of  the  experimental  pipe,  the  coefficient  of  viscosity 
is  given  in  absolute  measure  by 

where  w  is  the  volume  of  air  flowing  across  any  section  of  the  pipe  per  second. 
In  the  experiments,  7v  is  taken  as  the  quantity  of  air  passing  through  the 
tube  per  second  at  the  mean  pressure  ^(po+Pi)  of  the  air  in  the  pipe. 

When  the  velocities  of  flow  are  greater  than  the  critical,  the  form  of  the 
equations  of  motion  depends  on  the  assumptions  made  in  the  estimation  of 
the  resistances.  The  usually  accepted  law  for  the  resistance  Ei  to  tlie  passage 
of  a  fluid  moving  with  mean  velocity  u  over  a  surface  of  area  A  is  given  in 
gravitational  units  by  the  equation 

K,  =  ?|.«»A.  (2) 

♦  See  Lamb,  '  Hydrodynamics,'  3rd  edit.,  p.  544. 
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where  D  is  the  weight  per  unit  of  volume  of  the  fluid,  and  f  is  a  coefficient 
usually  tenned  the  coefficient  of  friction. 

The  chief  assumptions  here  made  are  that  the  resistance  varies  with  the 
density  of  the  fluid  and  with  the  squaie  of  its  mean  velocity.  With  com- 
pressible fluids,  however,  the  laws  of  resistance  represented  by  equation  (2) 
have  been  assumed  without  adequate  experimental  basis.  On  integrating  the 
equations  of  motion  for  the  air  in  the  pipe,  assuming  these  laws  of  resistance, 
we  are  led  to  the  following  equation  for  the  initial  velocity  uq  of  the  air 
entering  the  experimental  pipe  : 

««»  =  </Rt (p»*-^i*)M='(2+log.^)  •  (3) 

where  E  is  the  constant  in  the  characteristic  equation  for  air  j»y  =Rt,  jpo  and 
/>!  the  pressures  at  the  beginning  and  end  of  the  experimental  pipe,  I  the 
length  of  the  tube,  and  vi  its  hydraulic  mean  depth.  If  the  difference  of 
pressui*e  po—pi  is  relatively  small,  the  term  loge  Po/pi  is  usually  neglected, 
and  equation  (3)  written 

uo^  =  gmTlT(po^—pi^)/^lpo^,  (4) 

This  equation  (4)  is  applied  in  this  paper  to  the  experimental  results,  but 
the  values  of  f,  calculated  from  the  experimental  numbers,  showed  such 
wide  variations  that  it  was  thought  advisable  to  test  the  assumptions  embodied 
in  (2)  if  possible. 

If  a  general  equation  for  the  resistances  Ei  to  the  motion  of  any  gas  over 
any  surface  of  area  A  were  constructed,  it  would  include  factors  for  possible 
variations  of  Ei  with  the  pressure,  temperature,  and  the  velocity  of  the  gas, 
and  with  the  shape,  dimensions,  and  state  of  the  tube's  inner  surface.  Since 
the  variation  in  density  in  any  experiment  at  constant  temperature  has  a 
corresponding  pressure  variation,  we  may  assume  for  eacli  experiment  an 
equation  for  the  resistance  to  motion  in  the  form 

Ei=/A/)-i6»,  (5) 

where   the  coefficient  /  should  be   independent  of    the  pressure  p  and 
velocity  u  of  the  gas,  though  it  may  vary  (a)  with  the  nature  of   the  gas, 
(h)  with  the  temperature,  and  (c)  with  the  state  of  the  tube's  inner  surface. 
Equation  (2)  is  a  special  case  of  (5)  with 

«  =  2.     ,=1.     and    /=-^.  (6) 

since  D  =  p/B,T  in  equation  (2). 

♦  See  *  Encycl.  Brit.,'  ait.  "  Hydraulics,"  vol.  15,  p.  491. 
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To  form  the  equations  of  motion,  using  (5),  let 

S  =  perimeter  of  cross-section  of  tube ; 
A  =  its  unif6rm  area ; 

W  =  weight  of  gas  passing  any  section  of  the  tv}^  per  second ; 
p  =  mean  pressure  across  auy  cross-section  B ; 


2?-f  8?^  =  mean  pressure  across  any  section  C  distant  &;  from  B : 
and  consider  the  forces  on  the  mass  of  gas  between  B  and  C  ;  the  principle 
of  momentum  would  give  at  once,  u  being  tlie  mean  steady  velocity  across 
the  section  of  the  tube, 

-  ASp  =  ^w  +/SXw"&''.  (7> 

But  W  —  A^fc/t-,  when  v  is  the  specific  volume  of  the  gas,  hence  W=  Anp/Hr, 

and   since   the   temperature   is  constant   during  any  experiment,  we  have 

pii.  =  pqUq^  so  tliat 

W=^oVoA/Rt.  (8) 

By  substitution  in  (7)  and  dividing  throughout  by  A;;'*^*  we  obtain   in  the 
limit 

Ip      W    rf^^^S^^^o.  (9) 

But  y"}^""  =  no*'p(t**p^-*'  =  Vi/'jh^n 


r*»,.rw»-r  . 


thus  — ;r"«  +  n —  -r-;  +/      =  ^. 

where  vi  =  A/8  is  the  "  hydraulic  mean  depth  "  of  the  pipe.  Integrating, 
we  get 

(7/-r+l)/)o"/V'      Ag  (r-n-f-l);^^^     '  '/"  * 

It  is  usual  to  omit  the  middle  term  in  this  equation  as  being  very  small 
compared  with  the  otheV  two  terms ;  and  as  this  is  undoubtedly  so  in  the 
present  experiments,  we  may  write 

Tf,  now,  we  write  ?<♦  for  the  mean  volume  of  gas  passing  through  the  tube 
per  second  at  tlie  mean  pressure  ^(pa+pi)  or pm,  we  have  vj  =  A?/^,  where  w«, 
is  the  mean  velocity  in  the  tube  or,  as  we  shall  here  use  it,  the  mean  velocity 
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of  the  gas  at  the  section  of  the  tube  where  the  pressure  is  pnt;  hence 
Poth  =  Pmiim  =  Pm  ^^/A,  and  finally 

•^""/(,,.«r-fl)*  p„,^to^  '  ^^ 

an  equation  resulting  from  the  above  hypotheses  and  deduced  in  the  usual 
manner,  connecting  the  coefficient  of  friction  /  with  the  flux  through  the 
pipe,  to  be  compared  with  the  experimental  results.  It  is  identical  with  the 
usual  equation  (4)  if  we  write  w  =  2  and  r  =  1,  and  the  reason  for  its 
deduction  is  to  see  whether  these  values  of  n  and  /*  are  the  most  consistent 
with  these  experiments.  How  far  the  numbers  obtained  by  applying  this 
equation  .to  the  experimental  results  are  influenced  by  the  dimensions,  etc., 
of  the  particular  pipe  used  is  not  clearly  known,  and  the  method  of  deducing 
the  equation  itself  is  not  free  from  objection,  but  as  it  is  the  usual  method  it 
has  been  adopted. 

4.  Determinatimi  of  tJtc  Essential  Dimensions  of  the  Appliances, 

Lenf/th  of  Eocperimental  Tvibe, — The  circumference  of  the  coil  on  the  drum 
was  measured  by  wrapping  thick  drawing  paper  round  the  cylinder  and 
correcting  the  outside  diameter  thus  obtained  for  the  tube  radius  to  obtain 
the  mean  diameter  of  tlie  coil.  The  number  of  coils  was  counted  and  the 
total  lengths  of  coil  between  the  pressure  points  were  108'8  feet  in  the  coil 
used  by  Dr.  Grindley  and  108*2  feet  in  that  used  by  Mr.  Gibson. 

Determination  of  the  Internal  Diameter  of  the  Tube, — The  method  adopted 
was  to  take  two  short  lengths  (about  1  foot)  from  the  beginning  of  the  tube 
before  winding  and  two  similar  lengths  from  tlie  other  end  after  winding  the 
tube  on  the  drum.  From  the  mean  external  diameter  and  the  weight  of 
each  length  the  mean  internal  diameter  was  deduced  and  found  to  l)e 
0*1276  inch  in  the  tube  used  by  Dr.  Grindley  and  01248  inch  for  the 
second  tube  used  by  Mr,  Gibson. 

To  check  this  method,  after  the  experiments  were  concluded  the  second 
tube  was  flooded  eight  times  with  water,  the  volume  of  water  occupying  the 
tube  being  carefully  measured  in  each  case,  and  the  diameter  by  this  method 
was  found  to  be  0-1246  inch  at  62°  F. 

From  these  figures  we  obtain  for  a  temperature  of  62°  F.,  for  the  first  tube 
7ra*/8/  =  antilog  T2-4o97  and  for  the  second  tube  ira^/8l  =  antilog  15-42105. 

At  any  other  temperature  the  value  of  this  factor,  ira^/Sl,  requires  a 
correction  for  the  temperature  diflference  from  62°  F. 

To  simplify  calculation,  equation  (1)  was  put  in  the  form 

ti  =  C  (p^—pi)/vj, 
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and  the  constant  C  determined  so  that  the  values  of  p^-^pi  in  inches  of 
mercury  at  32°  and  w  in  cubic  feet  per  second,  as  given  directly  by  the 
experiments,  could  be  inserted  at  once  in  the  equation  to  give  |a  in  foot-pound- 
weight-second  units.  Thus  with  the  first  tube  C  =  antilog  10'30876  at 
32"*  F.  and  with  the  second  tube  C  =  antilog  10-27006  at  32°,  with  an 
addition  of  0*0000202  to  the  logarithm  for  each  degree  difference  of  tem- 
perature from  32°. 

5.  Method  of  Conductitig  the  Experiniavt^, 

The  first  series  of  experiments,  viz.,  those  numbered  1  to  68,  were  made 
by  Dr.  Grindley  and  were  carried  out  with  the  double  purpose  of  finding  the 
coefficient  of  viscosity  of  the  air,  and  of  determining  the  critical  velocity  for 
the  tube  by  finding  approximately  the  pressure  difference  at  the  two  ends  of 
the  tube  necessary  to  produce  unsteady  motion  of  the  air.  In  the  majority 
of  these  experiments,  the  results  of  which  are  plotted  in  fig.  3  and  given  in 
Table  I,  the  velocities  of  flow  were  above  the  critical,  and  for  the  detennina- 
tion  of  the  coefficient  of  viscosity  they  were  of  little  use.  They  showed, 
however,  the  difference  of  pressure  below  which  it  was  necessary  to  w^ork  in 
order  that  the  velocity  of  flow  should  be  below  the  critical,  and,  further, 
gave  information  on  the  resistance  to  flow  at  velocities  above  the  critical. 
The  experiments  were  therefore  continued  by  Mr.  Gibson,  the  majority  of 
these  being  carried  out  at  velocities  well  below  the  critical.  Of  this  second 
series  of  experiments,  the  results  of  those  above  the  critical  velocity  are 
shown  in  fig.  3  and  in  Table  II,  while  the  results  of  those  below  the  critical 
point  are  given  in  Tables  III,  IV,  V,  and  VI. 

In  every  experiment,  the  procedure  was  as  follows : — The  coil  and 
reservoirs  having  been  levelled,  the  water  bath  was  raised  to  the  required 
temperature.  This  temperature  being  steady,  after  the  expiration  of  about 
15  minutes  the  regulating  cocks  on  both  air  reservoirs  were  adjusted  so  as  to 
give  as  nearly  as  possible  the  required  pressure  difference  along  the  pipe. 
The  temperature  in  the  high-pressure  air  vessel  was  then  noted  until  it 
became  steady. 

Having  got  all  the  temperatures  and  pressures,  as  well  as  the  pressure 
difference  between  the  two  ends  of  the  pipe  (measured  by  the  differential 
gauge)  constant,  three  readings  of  the  water  level  in  each  of  the  two  air 
vessels  were  taken  at  intervals  of  30  seconds.  The  temperatures  of  the  air 
in  vessel  No.  1,  and  of  the  external  air,  as  well  as  of  the  water  bath,  were 
then  taken,  and  from  this  time  to  the  end  of  the  experiment  the  pressures  in 
the  two  reservoirs  and  the  pressure  difference  at  the  two  ends  of  the  tube 
were  read  at  intervals  of  three  minutes. 
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The  temperatui'es  of  the  external  air,  of  the  air  in  the  high-pressure 
reservoir,  and  of  the  coil,  were  taken  at  intervals  of  nine  minutes,  being 
practically  constant  throughout  the  experiment.  The  relative  and  absolute 
pressures  in  the  two  reservoirs  were  regulated  as  necessary  during   the 
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experiment  by  adjustment  of  the  water  inlet  and  outlet  valves.  In  every 
case  the  experiment  was  terminated  when  the  temperature  in  the  high- 
pressure  reservoir  was  identical  with  that  at  the  start.  Three  readings 
of  the  water  level  in  each  of  the  air  vessels  were  then  taken  at  intervals 
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•of  30  seconds.  The  length  of  time  occupied  in  each  experiment  varied  with 
the  velocity  of  flow,  from  30  minutes  to  two  hours,  the  average  time 
l)eing  about  one  hour. 

A  few  experiments  carried  out  above  the  critical  velocity  in  the  second 
tube  indicated  the  similarity  of  the  law  governing  unsteady  flow  in  the  two 
tubes,  while  the  results  of  these  being  plotted  with  those  of  a  second  series 
•of  experiments  carried  out  with  low-pressure  diffei-ences  (see  tig.  3)  indicated 
that  a  pressure  difference  of  about  0*4  inch  of  mercury  (5*4  inches  of  water), 
was  necessary  to  produce  unsteady  motion.  After  this,  all  the  experiments 
were  carried  out  with  pressure  differences  of  about  4  inches  of  water.  In 
the  latter  series  of  experiments  the  volume  of  air  passing  per  second  was 
measured  from  the  high-pressure  reservoir  alone,  this  being  found  to  give 
perfectly  satisfactory  results. 

A  typical  experiment  is  here  given.  From  the  experimental  figures,  the 
mean  values  of  po  ^  pi;  po]  pi;  and  ^  (^^o  +  pi)  or  pm  were  obtained  and 
-corrected  for  scale  errors,  temperature,  and  the  barometric  height. 

The  mean  volume  passing  through  the  tute  nt  the  mean  pressure  pm 
•and  coil  temperature  was  calculated  from  the  mean  of  the  volumes  obtained 
from  Eeservoirs  I  and  II  at  their  respective  mean  pressures  and  temperatures, 
and  in  the  latter  series  of  experiments,  from  the  readings  from  No.  I  reser\'oir 
•alone.     The  flow  per  second  is  w,  =  V/(duration  of  experiment)  in  cubic  feet. 

6.  Besidts  of  thr  Experiments. 

The  primary  results  required  from  each  experiment  are  valued  of  the 
pressiires  p^  and  px  at  the  ends  of  the  experimeutal  tube,  w  the  quantity 
flowing  through  the  tube  at  the  mean  pressure  ^  O^o  +  pi)  or  pniy  and  the 
temperature  of  the  air  in  the  tube.  In  the  following  Tables  I  to  VI  are 
placed  values  of  po— i'l  and  pm,  from  which  po  andpi  can  be  calculated  for 
each  experiment,  together  with  the  flux  ?r,  the  temperature  and  the  calculated 
value  of  /A  obtained  from  equation  (1).  Values  of  fi  so  obtained  have  been 
:given  from  experiments  when  the  velocity  of  flow  is  above  or  near  the 
•critical  velocity;  such  values,  however,  have  only  been  used  to  assist  in 
-determining  the  critical  velocity,  and  they  have  been  placed  in  italics. 
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Table  I. — Results  of  Dr.  Grindley's  Experiments,  made  for  the  most  part  at 
Velocities  of  Flow  above  the  Critical  Velocity. 


No.  of 
experiment. 

Temperature. 

(m».  Hg). 

iiPo-i-Pi)' 

(cub.ft.per8ec.). 

(foot-pound- 

weight-seoond 

units). 

6 

63-6 

0-566 

29-92 

0*000277 

0-000000409 

5 

63*5 

0-557 

86*05 

282 

403 

8 

61-5 

0-710 

80*04 

847 

418 

9 

61-5 

0-747 

87-56 

862 

422 

4 

68-5 

0-804 

29*98 

377 

435 

12 

66-2 

1-206 

80-68 

641 

456 

10 

60-2 

1-488 

31-04 

649 

13 

66-2 

1-824 

81  08 

749 

11 

60-2 

2-824 

31*50 

924 

2 

66-5 

2-616 

86*48 

970 

14 

69-2 

2-910 

31*96 

0*001078 

3 

66*5 

3-411 

88-86 

1200 

1« 

69-2 

4  186 

82*92 

1422 

1     16 

74-0 

4-892 

38-06 

1684 

0  000000630 

7 

63-5 

5-421 

32*61 

1725 

642 

1 

66-5 

5-474 

81*08 

1767 

633 

26 

73-7 

0-367 

80*62 

0*000208 

0-000000359 

28 

73-5 

0*464 

80-68 

244 

387 

26 

73-5 

0*785 

80-89 

886 

415 

18 

73-5 

0-986 

80-84 

448 

430 

24 

73-5 

1-140 

81*28 

519 

27 

75-6 

1149 

31  -36 

612 

17 

73-3 

1-304 

31-23 

684 

20 

74-1 

1-807 

31-87 

744 

29 

75-7 

1-812 

32  15 

730 

31 

76-5 

1-964 

32-52 

798 

28 

75-5 

2-143 

32-71 

846 

21 

74-5 

2-584 

32  -98 

986 

33 

77-0 

2-685 

33-70 

0  -001012 

30 

75-9 

2-820 

33-71 

1051 

0  '000000547 

32 

76-8 

3-051 

34-20 

1117 

557 

34 

77-0 

3-217 

34-57 

1171 

560 

51 

32-0 

0-444 

30-58 

0-000237 

0-000000380 

52 

32-0 

0-586 

30-68 

302 

395 

46 

32  0 

0-734 

30-82 

364 

410 

i    ^ 

32  0 

0-774 

30-70 

873 

422 

1     35 

32-0 

0-800 

30*64 

405 

!    47 

32  0 

0-887 

30-86 

427 

38 

38-0 

1-059 

30*79 

489 

44 

32  0 

1  173 

31-08 

532 

i     50 

32  0 

1-190 

31-00 

541 

1    ^^ 

32  0 

1-358 

31-07 

592 

54 

32-0 

1-418 

31-08 

627 

45 

32-0 

1-637 

31-31 

099 

36 

82  0 

1*653 

81  18 

703 

1     40 

32  0 

2-036 

31-47 

829 

48 

32-0 

2-070 

31*57 

889 

49 

32  0 

2-218 

31-64 

890 

53 

32  0 

2-262 

31-57 

896 

0  '000000514 

37 

82-0 

2-498 

31-64 

974 

522 

42 

82-0 

2-783 

31-87 

I   0-001030 

540 
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Table  I — coiUimied, 


1 

No.  of 
j  experiment. 

1 

Temperature. 

(ins.  Hg). 

K/>o  +  i>i). 

(cub.ft.perseo.). 

(foot-pound- 
weight-second 
units). 

1           68 

212-0 

0  -3672 

29-69 

0-000161 

0 '000000468 

'           64 

212-0 

0-4083 

30-65 

176 

476 

1           67 

212-0 

0-478 

29-88 

208 

472 

62 

212-0 

0-588 

31-10 

232 

475 

58 

212-0 

0-709 

30-94 

304 

479 

1            55 

212-0 

0-708 

80-99 

306 

65 

212-0 

1-186 

30-18 

473 

i            56 

212-0 

1-217 

31-25 

489 

61 

212-0 

1-215 

31-14 

494 

57 

212  0 

1-652 

81-48 

641 

59 

212  -0 

1-672 

31-88 

647 

0  '000000530 

1            63 

212-0 

1-998 

31-57 

749 

546 

1           60 

212-0 

2-484 

31-71 

898 

567 

Table  II. — Eesults  of  Mr.  Gibson's  Experiments  above  the  Critical  Velocity. 


No.  of  experiment. 

Temperature. 

Po-Pi  (ins.  Hg).  1 

^{Po-^Pi)' 

IT. 

118 

82 -2°  P. 

0-518 

30-00 

0*000255 

119 

32-2 

0-553 

29-69 

270 

120 

32-2 

0-5586 

35-77 

263 

121 

82-0 

0-9105 

30-91 

898 

122 

82-0 

0-603 

30-78 

274 

71 

60-0 

0-454 

29-99 

0-000198 

72 

60-0 

0-4816 

80-34 

248 

78 

60-0 

0-528 

29-51 

303 

74 

60-0 

0-588 

30-03 

260 

75 

60-0 

0-6415 

29-08 

298 

76 

60  0 

0-724 

30-55 

364 

77 

60-0 

0-892 

30-37 

406 

78 

60-0 

1-104 

30-06 

489 

79 

60-0 

1-544 

31-06 

680 

104 

212-0 

0  -46.5 

26-54 

0  000188 

1              105 

212-0 

0-455 

29-99 

191 

106 

212-0 

.      0-419 

30-48 

212 

107 

212-0 

0-588 

40-01 

242 

108 

212-0 

0-741 

27-15 

308 
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Table  III. — Kesults  of  Mr.  Gibson's  Experiments  below  the  Critical  Velocity. 


No.  of 
experimcut. 


Temperature. 


(ills.  Hg). 


iO»o  +  />i)- 


«;  (cubic  feet    i      ^  ^"^  ^"^^l^    ! 

^  j\     :  pound-weieht-  \ 

per  second).  ]  ^.^ond  unite)  J 


123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
185 
136 
137 
138 


( 


32  ^'F. 
32  1 
32  1 
32-1 
32  1 
32-0 
32-0 
32  0 
32-0 
32  0 
32  0 
32-0 
32-0 
32-0 
32-0 
32-0 


1        0  1740 

'         30-00 

0-0000907 

0-000000367 

0  -2400 

30-05 

1263 

856 

0  1883 

30  02 

0982 

367 

0-2984 

30-08 

1582 

361 

0  -2997 

30-09 

1550 

360 

0-2240 

29-90 

1280 

352     i 

0  -1879 

29-90 

1017 

357 

0  1282 

29*84 

0710 

361 

0-4378 

29-69 

2290 

366 

0  -2413 

29-83 

1266 

866 

0*0904 

29-66 

0470 

368 

0-1994 

30-09 

1047 

366     : 

0  1399 

30-30 

0756 

856        r 

0-2041 

26-80 

1100 

868     1 

\        0  -1966 

26-12 

1067 

354     [ 

0-2025 

30-18 

1118 

861      . 

Mean  value  of  /i  "*  0  -0000008553. 

Greatest  positiTc  rariation  from  mean     1  *35  per  cent. 

„        negati?e         „  „  1-16        „ 


Table  IV. 


No.  of 
experiment. 


80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 


t. 

Temperaf  ure. 

Pq-/>i 
(in».  Hg). 

iCPu+i'i). 

tp  (cubic  feet 
per  second). 

fi  (foot-pound- 
weight-secoud  i 
units).          1 

'          60-3°  F. 

0-2707 

( 

29-90 

0-0001346 

0-000000376 

60-0      ; 

0  -3147 

1          29-83 

1591 

869 

1           60-0 

0-3069 

'          29-84 

1535 

373 

60-2 

0-3273 

29-75 

1633 

374 

j          60-0          i 

0  -3377 

29-85 

1685 

874 

1           59-0 

0  -2414 

28-49 

1263 

369 

58  -8          i 

0  -2786 

34-83 

1465 

369 

i           58-0 

0-2140 

34-61 

1102 

371 

1           60-0 

0-0606 

29-66 

0301 

375 

60  0          1 

0  -1149 

29-85 

0600 

870 

60-0           i 

0  1586 

30-04 

0815 

374 

60  0           t 

0-2357 

29  16 

1225 

872 

;       60-0       i 

!                        1 

0  -2418 

30  06 

1260 

871 

Mean  value  of  ^  =  0  '0000003720. 

Greatest  positive  variation  from  mean     0-91  per  cent, 

„         nepitive         „  „  0-81        „ 
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Xo.  of 
experiment. 


Temperature. 


93 

IM 

95 

96 

97 

93 

99 

100 

101 

102 

103 


I 


212^  F. 

212 

212 

212 

212 

212 

212 

212 

212 

212 

212 


(ins.Hg). 


0  -2163 
0  -2301 
0-2512 
0  -2578 
0  -2597 
0*2945 
0-2978 
0  -3118 
0-3387 
0-4616 
0-4552 


i  O'o +/>!)• 


30-04 
40-35 
29  12 
39-82 
30-81 
30-48 
29-96 
42-37 
44*26 
40-29 
30-95 


to  (cubic  feet 
per  second). 


0*0000907 
0966 
1049 
1062 
1082 
1237 
1115 
1320 
1425 
1940 
1908 


I  n  (foot-pound- 
I  weight-eecond 
;         units). 


0-000000446 
447 
450 
447 
451 
447 
447 
443 
446 
447 
448 


Mean  Talue  of  /<  »  0  -0000004473. 

Greatest  positiye  variatiou  from'  mean     0-79  per  cent. 

„        negative        „  „  0*85       „ 

Table  VI. 


3f  o,  of 
experiment. 


I 


Temperature,   i 


Pn-Pi 
(in^.  Hg). 


i  (/>u+jf>i). 


w  (cubic  feet 
l}er  second). 


/I  (foot-pound- 
weight-second 
units). 


109 
110 
111 
112 
113 
114 
115 
116 
117 
139 
140 
141 
142 
144 
145 
146 
147 
148 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
168 


35-0'^F. 

0-2024 

36*5 

0*2025 

37*5 

0-1015 

38  0 

0-1705 

B9-4 

0-3424 

40-7 

0-1927 

41*2 

0-8072 

41*4 

0-3065 

42-9 

0-8066 

48-5 

0-3005 

53-8 

0-3084 

54-0 

0-3288 

54*0 

0-2942 

74  1 

0-3406 

74-7 

0  -1773 

77-5 

0-3068 

77*6 

0-3451 

91-2 

0-8297 

91-4 

0-3023 

95-6 

0-3504 

96-2 

0-2513 

95-7 

0-3425 

98-7 

0-8031 

1187 

0-2977 

IflO^ 

0-8057 

119*8 

6-2878 

121-9 

0  -3189 

120  1 

1    0  -3334 

120-0 

0-2199 

134-1 

0  -3178 

134-4 

i    0  -3160 

lao  -2 

0-3307 

30*33 

0-0001058 

0*000000356 

29-96 

1080 

349 

30  02 

0529 

357 

37-77 

0888 

360 

29-78 

1770 

360 

29-68 

0956 

361 

29-92 

1560 

367 

29-92 

1578 

363 

29-90 

1580 

364 

29-88 

1548 

863 

29-69 

1580 

369 

29-67 

1668 

369 

29-73 

1485 

369 

30-08 

1670 

^       381 

29-82 

0866 

382 

30-03 

1492 

384 

30-07 

1686 

382 

30  18 

1590 

387 

30-01 

1471 

384 

29-93 

1656 

395 

29-87 

1196 

893 

29-84 

1646 

389 

29-81 

1446 

391 

29-77 

1377 

404 

29-74 

1448 

895 

29-72 

1337 

403 

29-21 

1474 

405 

30-38 

^      1542 

404 

30-28 

1002 

411 

80-31 

1446 

411 

30-14 

1439 

411 

29 '81 

1407 

413 
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Table  VI — continued. 


1       No.  of 
'  experiment. 

Temperature. 

Po-P\ 
(ins.  Hg). 

i(Po-«-i>i). 

w  (cubic  feet 
per  second). 

/x  (foot-pound- 
weight-second 
units). 

!          164 

185  •O'F. 

0-8241 

29-82 

0-0001460 

0 -000000415 

165 

141*8 

0-2894 

30-27 

1308 

414 

166 

142-5 

O-81S7 

80-19 

1429 

419 

167 

148-9 

0-8229 

80-80 

1454 

416 

168 

150-3 

0-8179 

29-70 

1417 

420 

169 

151-4 

0-8890 

30-81 

1486 

423 

170 

151-7 

0-8064 

29-68 

1383 

418 

171 

150-9 

0-2873 

30-66 

1302 

413 

172 

161-2 

0-2655 

30-26 

1170 

426     i 

178 

163-0 

0-3312 

80-80 

1457 

426     ' 

174 

163-5 

0-2982 

30-28 

1294 

431 

175 

167-7 

0-2965 

81-53 

1281 

433 

176 

175-0 

0  -2392 

80-20 

1244 

436 

177 

178-8 

0-8786 

29-68 

1636 

434 

178 

179-1 

0-8070 

i        29*64 

1846 

428 

1          179 

180-0 

0  -8116 

30*29 

1886 

487 

1          180 

182  1 

0-8080 

80-13 

1822 

487 

1          181 

185-4 

0-2849 

30-04 

1221 

438 

182 

198-6 

0-2973 

80-28 

1258 

444 

188 

199-2 

0-2948 

80-28 

1243 

444 

,           184 

204-0 

0-8290 

30-19 

1883 

447 

185 

204-7 

0-2929 

29-99 

1284 

446 

7.  The  Determination  of  the  Cnticul  Velocity, 
The  critical  velocity  of  flow  through  the  pipe  at  any  particular 
temperature  can  best  be  obtained  by  calculating  the  value  of  fi  from  the 
ligures  given  in  Table  I,  on  the  assumption  that  equation  (1)  holds  for  these 
experiments,  and  comparing  these  incorrect  values  of  the  coefficient  of 
viscosity  with  the  correct  values  given  by  Tables  III,  IV,  and  Y.  If  all 
these  values  of  fi  are  plotted  with  the  flux  u\  it  should  be  easy  to  determine 
the  value  of  w  at  which  the  value  of  fi  begins  to  increase. 

It  would  appear  that  the  value  of  vj  at  the  critical  velocity  was  between 
0*00017  and  O'OOOIS  cubic  feet  per  second,  which  gives  for  the  critical 
velocity  a  mean  value  of  approximately  1*95  feet  per  second.  Its  accurate 
determination  was  difficult,  but  the  results  indicate  that  for  this  pipe  the 
critical  velocity  lies  between  1*9  and  2*0  feet  per  second. 

The  results  also  show  that  if  there  is  any  variation  in  the  value  of  this 
critical  velocity  with  temperature  it  cannot  be  verj-  great. 

8.   TJie  Coefficient  of  Viscosity  and  its  Variation  xoith  Temperature  and 

Pressure, 
A  consideration   of   the   kinetic   theory   of  gases  led  Maxwell*   to   the 
conclusion  that  the  coefficient  of  viscosity  of  a  gas  would  be  independent  of 
♦  *  PhiL  Mag./  1860,  vol.  19,  p.  20. 
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the    pressure.      This    deduction,    verified    by  many    observers*    receives 
additional  confirmation  from  the  results  of  Experiments  94,96, 100,  101,  102, 
and  of  Experiments  93,  95,  98,  99. 
These  are  as  follows : — 


No.  of 
experiment. 

Temperature. 

i(^o+/»i)  inches  of 
mercury. 

11  (foot-pouud.weight> 
second  units). 

94 

96 

100 

101 

102 

212 
212 
212 
212 
212 

40-3 
39-8 
42-4 
44-2 
40-3 

0-000000447 
447 
444 
446 
447 

93 
95 
98 
99 


Mean  value  of  m  =  0  0000004462 


212 
212 
212 
212 


30-0 
29  1 
30*5 
30-0 


0-000000446 
450 
447 
447 


Mean  value  of  f»  =  0  -0000004475 


A  comparison  of  these  results  tends  to  show  that,  within  the  limits  of 
experimental  error,  the  viscosity  is  independent  of  the  pressure. 

To  test  the  variation  of  /*  with  temperature  in  the  present  experiments, 
values  of  logi*  and  of  logr  have  been  plotted  (fig.  4).  From  the  fact  that 
the  plotted  points  lie  on  a  regular  curve  and  not  on  a  straight  line,  it  is 
evident  that  no  such  law  as  |a  and  t",  where  n  is  a  constant,  holds  for  the 
range  of  temperature  from  t  =  493®  abs.  to  t  =  673*^  abs. 

The  variation  of  w  in  this  formula,  with  temperature,  is  shown  in  the 
following  table : — 


Temperature  range. 

Absolute.        1              F. 

n. 

498°— 52r 

621  —551 

651—581 

681—611 

611—641 

641—673 

82°—  60° 

60—  90 

90—120 

120—150 

150—180 

180  —212 

0-830 
0-811 
0-788 
0-759 
0-665 
0-561 

♦  See  the  *  PhyBical  Review,'  vol.  24.  p.  335,  for  a  r^*wwi^  of  much  of  the  work  done  in 
this  connection. 
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Fig.  4. 

Rayleigh,*  using  the  transpiration  method,  found  n  to  have  a  mean  value 
of  0*754  between  the  temperature  limits  16°  and  100°  C.  Between  the  same 
limits  the  present  experiments  show  a  mean  value  for  n  =  0*727. 

Sutherlandt  has  proposed,  and  has  justified  on  theoretical  grounds,  the 
formula 

^       l-fCr-i' 

where  C  and  K  are  constants,  and  where  t  is  the  absolute  temperature, 
this  relation  holding  for  temperatures  above  the  critical  within  the  range  of 
pressures  over  which  Boyle's  law  is  approximately  true. 

Writing  this  in  the  form  t  =  Kr*//*— C,  we  have  a  linear  equation  in 
T  and  T*//A.  Values  of  t  and  of  t*//a,  as  calculated  from  the  present  series 
of  experiments,  have  been  plotted  in  fig.  5,  and,  by  their  close  coincidence 
with  a  straight  line,  confirm  this  formula. 

The  values  of  K  and  C  most  nearly  fitting  the  above  equation  have  been 

deduced  from  the  results  of  the  whole  of  the  present  series  of  experiments 

by  the  method  of  least  squares,  the  straight  line  shown  in  fig.  5  involving 

these  values. 

*  *  Roy.  Soc  Proc.,'  1900,  vol.  66,  p.  68. 
+  *Phil.  Mag.,'  1893,  vol.  36,  p.  507. 
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ini  3a)  w 


These  arc  as  follow.s,  the  abscissa  representing  r^jWfi, 


1  - 

C. 

T  measured  on  F.  scale  ((f  F.  -  461  abs.)  ;  /x  in  foot- 

220-7xlO-w 

184-6 

pound-weight-second  units 

r  measured  on  0.  scale  (0^*  C.  —  274  abs.)  ;  fi  in  foot- 

296-OxlO-»o 

102-5 

pound-weight-second  units 

T  measured  on  C.  scale  {(f  C.  -» 274  abs.) ;  ix  in 

952-OxlO-» 

102-5 

absolute  foot-pound-weight-second  units 

T   measured  on   C.   scale  {if  C.  «  274  abs.)  ;   /*  in 

141  -8  X  10-" 

102-5 

absolute  C.G.S.  units 

he  plotted  points  in  fig.  6  show  the  experimental  variation  of  viscosity 
temperature,  while  the  full  line  curve  shows  the  graph  of 

2207  X  10- V 


M  = 


1  +  184-5T-1 


maximum  experimental  deviation  from  this  law  is  1*3  per  cent. 

only  other  experiments  known  to  the  authors,  from  which  the  value 
as  been  determined,  are  those  of  Holman*  and  of  Barus.t  In  those 
man,  over  a  temperature  range  of  14°  to  124°'4  C,  C  was  found  to 

le  value  113,  the  units  being  on  the  absolute  C.G.S.  scale,  while  in 


♦  *  Phil.  Mag.,'  5th  series,  1886,  voL  21,  p.  199. 
t  *  Am.  Joum.  Sci.,'  3rd  series,  vol.  135. 


K  2 


134  Dr.  Grindley  and  Mr.  Gibson.     Chi  Frictional    [Oct.  24, 

the  experiments  of  Barus  the  value  of  C,  with  the  same  units,  and  between 
the  temperature  limits  442°  and  1216°  C,  was  found  to  be  102,  as  compared 
with  102*5  in  the  present  experiments. 


"% 


^IM^HATUIt^ 

-ts^ — «■ — t? — Tc" — e? — 10" — W — rfo" — ^of      3?  Ii?     ia?     ImP     Jt     \¥r     iie' ^  cim"     WgSemnr. 
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5k«              J»c«              s4««              sfc'              sic'  ^              «^t'              «^'              •<«'«r>»u"r/fc»i«t 


Fig.  6. 


For  comparison  with   the  published  results  of  other  experimenters,  the 
results  of  the  present  experiments  have  been  expressed  in  the  form 

The  constants  in  this  equation,  the  graph  of  wliich  is  shown  in  dotted  lines 
in  fig.  6,  are  as  follows,  t  being  measured  in  degrees  Centigrade : — 


a.              1          h. 

r. 

/t  in  foot*pound-weight-8eoond  uuit49  

333-8xl0-»         0-00209 
366-8xl0-»         0-00829 
114-2x10-7     1     0-00329 
170  -2  X  10-*         0  -00829 

0  0000028 
0-0000070 
0-0000070 
0-0000070 

ft  in  absolute  foot-pound-second  unitn    

„             C.G.S.  unite    

as  compared  with  Holman's, 

M=  171-55  {1-f  0-002751<-0-00000034<2}io-«  abs.  C.G.S.  imits. 

Tomlinson,*  with  a  temperature  range  of  from  9^*97  C.  to  14°-63  C.^ 
adopted  this  same  law  of  temperature  variation.  The  value  of  y^  at 
Tomlinson's  mean  temperature,  11°'8  C,  as  calculated  by  the  author's 
formula,  agrees  within  one-tenth  of  1  per  cent,  with  the  value  as  experi- 
mentally determined  by  Tomlinson. 

♦  *Phil.  TranB.,'  1886,  pait  2,  p.  767. 
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The  following  table,  showing  values  of  /*  at  0°  C,  as  obtained  by  various 
observers,  may  be  of  interest : — 


Ohienrcr 

Meyer* 

Puluj* 

Schneebeli.f  Obermayer.f 

Holman.      Tomlinson. 

i 

The  authors. 

rUue  of  /i  at 
Cf  c. 

00001727 

0-0001798 

0-0001707 

0-0001705     0-0001716 

0-0001715 

0-0001702 

9.  The  Determination  of  the  FridioncU  Besidances  at  Velocities  of  Flow  greater 

than  the  Critical. 

As  the  experiments  proceeded  it  was  observed  that  the  quantity  of  air 
through  the  tube  in  any  experiment  could  not  be  estimated  previously 
by  calculation  from  known  formulae  containing  empirical  constants ;  and 
hence  the  experimental  figures  were  used  to  obtain,  by  using  the  usual 
^nation  (4),  p.  119,  values  of  the  coetBcient  f.  Now,  if  the  laws  of 
resistance  are  in  reality  those  used  in  demonstrating  equation  (4),  it  follows 
Xhat  ^  should  be  practically  a  constant  for  experiments  with  air  in  the  same 
^ube  and  at  the  same  constant  temperature,  unless  the  influence  of  tube 
diameter  is  far  greater  than  at  present  suspected. 

A  few  values  of  f,  calculated  by  using  equation  (4),  are  here  given  : — 


, 

u,n — the  mean 

p,n — the  mean 

No.  of 

;. 

velocity  of  air  in 

pressure  in  the 

experiment. 

the  tube  in 

tube  in  inches 

feet  per  second. 

Hg. 

6 

0-0837 

3  12 

29-92 

5 

0-0875 

3-18 

36-05 

9 

0-0529 

4-07 

37-65 

4 

0  0664 

4-25 

29-98 

12 

0-0467 

6-09 

80-58 

13 

0-0366 

8-43 

81-03 

2 

0-0272 

10-9 

35-48 

3 

0-0246 

13-5 

33-37 

7 

0-0194 

19-4 

32-61 

1 

0-0196 

19-9 

31-08 

These  values  of  f  are  considerably  higlier  than  those  given  by  preWoua 
authors,  which  is  possibly  accounted  for  by  the  small  diameter  of  the  pipe, 
and  a  very  large  variation  in  its  value  with  the  mean  velocity  w»  is  shown, 
the  connection  between  f  and  u^,  being  shown  by  the  curve  in  fig.  7. 


♦  *  Phil.  Mag./  1886,  vol.  21,  p.  220. 

t  *  Archives  Sci.  Phys.  Nat.,'  1885,  vol.  14. 
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Unwin*  deduces  values  uf  f  from  Eiedler's  experiments  on  a  pipe 
112  inches  diameter,  and  gives  varying  values  of  f  from  0*00184  to  0*00449. 
From  Stockalper's  experiments  Unwin  deduces  tlie  values  f  =  0*00449  from 
a  pipe  0*492  foot  diameter,  and  f  =  0*00377  from  a  pipe  0*656  foot  diameter^ 
and  he  gives  from  these  results  a  formula  for  calculating  f  for  pipes  of 
different  diameters  in  form — 


?=  0-0027  (1  + A.). 


lOdJ ' 

For  a  pipe  1/8  of  an  inch  diameter  this  formula  would  give  f  =  0*0805^ 
a  value  which  would  be  obtained  from  the  present  experiments  if  the  mean 
velocity  u^  was  a  little  over  3  feet  per  second.  The  variation  in  the 
value  of  f  with  u^  is,  however,  too  great  to  peimit  of  Unwin's  formula 
being  used  for  so  small  a  pipe. 

♦  •  Mill.  Proc.  I.C.E./  vol.  106,  p.  190. 
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It  wo^d  be  interesting  to  use  the  experimental  figures  to  find  whether  the 
variation  in  the  frictional  resistances  is  best  represented  by  u^  or  by  some 
other  power  of  tt.  An  examination  of  the  curve  in  fig.  7  will  show  that  the 
points  lying  above  or  below  the  mean  curve  correspond  to  the  value  of  p^  in 
the  experiments  they  represent,  being  below  or  above  an  average  value 
of  p^  and  it  apparently  indicates  that  the  frictional  resistances  may  bear 
some  unexpressed  relation  to  the  pressure  in  the  gas. 

Whether  a  pressure  variation  is  real  or  not,  it  appears  reasonable  to 
assume  that  f  should  have  a  more  constant  value  for  the  particular  pipe 
used  than  that  shown  in  the  last  table  if  the  resistances  do  vary  as  the 
assumed  square  of  the  velocity.  While  the  whole  question  can  only  be 
definitely  settled  by  making  experiments  similar  to  the  present  ones  on  pipes 
of  di£rerent  diameters,  still  it  is  interesting  and  useful  to  observe  what  power 
of  the  mean  velocity  in  the  formula  for  the  frictional  resistances  would  give 
a  constant  value  of  a  coefficient  of  friction  for  this  pipe. 

It  was  found  impossible  to  obtain  this  constant  value  without  recon- 
structing the  primary  formula  as  shown  on  pp.  120  and  121,  and  use  was, 
therefore,  made  of  the  general  equation  (12),  p.  121,  which  can  be  put  in  the 
form 

/=C,^ ?1 ,  (13) 

where  C  is  a  constant  in  any  series  of  experiments  on  the  same  tube  with 
air  at  the  same  constant  temperature.  Values  of  7i  and  r  were  sought  which 
would  make  the  factor  (j?o*"'"*^^—;7i*"'"+^)/;7«'*k;»  a  constant  during  any  such 
series  of  experiments,  in  which  case  /  would  also  be  constant. 

The  determination  of  these  exponents  involved  much  time  and  labour, 
but  their  values  appear  to  be 

n  =  1-25     and     r  =  0.  (14) 

This  value  of  n  is  not  likely  to  be  in  error  by  as  much  as  1  per  cent,  and 
r  =  0  is  the  most  probable  value  of  r,  though  any  very  small  value  of  r 
would  serve.  This  value  of  r  is  ver}'  peculiar,  since  it  leads  to  the  result  that 
the  frictional  resistances  are  independent  of  the  pressure  in  the  gas;  this 
point  will  be  referred  to  later. 

With  these  values  of  n  and  r,  the  values  of  (^^o*"'"*^^— 2?i""''"*"0/2?ni^,  as 
calculated  from  the  results  of  the  experiments  above  the  critical  velocity  at 
any  particular  temperature,  are  practically  constant ;  thus  at  a  mean  tempera- 
ture of  75°*2  F.  the  greatest  variation  of  the  value  of  this  factor  from  the 
mean  is  less  than  2*9  per  cent. 
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Using  formula  (13)  to  determine  values  of/,  using  7i  =  1*25  and  r  =  0,we 
obtain  the  following  mean  results : — 

/  =  0-000215  at  temperature  32°  F. 
/=  0000219  „  75^-2  F. 

/=  0000242  „  212°  F. 

the  units  being  the  foot-pound  weight  and  second. 

These  values  are  plotted  in  fig.  8,  showing  that  the  variation  in  the  value 
of  /  with  temperature  Fahr.  t  can  be  represented  by 

/  =  /o(l  +  «^  +  /90,  (15) 

where        /o  =  0-0002KJ,    «  =  0-000295,    and    13  =  0-0000017. 
0-00029 


0-00024 


0-00023  - 


20 


60 


100  140 

Fio.  8. 


180 


Eeo 


The  chief  conclusions,  therefore,  to  be  drawn  from  these  nnnibere  are  that 
for  this  particular  size  of  tube  the  frictional  resistances  are  better  repre- 
sented by  a  velocity  variation  represented  by  v}'^  than  by  the  usually 
accepted  v''^,  and,  further,  that  tlie  frictional  resistances  do  not  vary  with  the 
pressure  of  the  air  in  the  tube. 

Though  this  variation  of  the  frictional  resistances  with  the  velocity  is 
unusual,  and  requires*  further  evidence  on  pipes  of  other  diameters  before  it 
could  l>e  accepted,  it  is  worthy  of  note  that  if  the  formula  (12),  which  can  be 
put  in  the  form 


/  = 


00824     iP-'^ 


p^^^,^'^ 


I 


%& 


,1.25 


(10) 
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is  applied  to  determine  /,  usiug  the  results  of  Eiedler's  experiments 
previously  mentioned,*  a  mean  value  of /calculated  from  all  the  experiments 
there  quoted  is  0*000217,  while  the  value  of  /  calculated  from  (15)  with 
/  =  50^  would  also  he  0000217. 

From  Stockalper's  experiments,  using  the  only  figures  given  in  the  above 
paper, /would  have  a  mean  value  0*000182,  but  omitting  one  quite  irregular 
experimental  result  we  should  get  a  mean  value  0000201. 

These  values  are  remarkably  near  those  given  from  the  present  experi- 
inents,  considering  that  the  mean  pressures  in  Eiedler's  experiments  were 
about  100  lbs.  per  square  inch,  with  velocities  ranging  from  10  to  24  feet 
per  second  (similar  to  those  in  the  present  experiments),  and  on  a  pipe 
11^  inches  diameter. 

♦  '  Min.  Proc.  I.C.E.,'  vol.  105. 
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Exterior  Ballistics.     (No.  2.) 
By  George  Forbes,  F.E.S. 

(Receired  November  6,— Eead  December  12,  1907.) 

In  a  previous  communication  to  the  Royal  Society,*  the  author  exhibited 
a  curve  which  may  be  described  as  the  characteristic  curve  of  any  gun, 
charge  and  projectile,  in  which  the  abscissae  are  ranges,  and  ordinates  are 
tangents  of  the  angles  of  elevation,  or  simply  these  angles  when  they  are 
small. 

That  communication  contained  (1)  a  geometrical  construction  for  deducing 
a  new  characteristic  curve  when  the  air  density  or  the  gun's  calibre  is 
changed ;  (2)  the  analytical  proof  of  that  law ;  (3)  the  law  for  deducing  a 
new  characteristic  curve  when  the  muzzle  velocity  is  changed ;  (4)  a  com- 
parison of  range-tables  showing  how,  by  help  of  these  laws,  from  the 
characteristic  curve  for  a  gun  of  any  calibre  and  muzzle  velocity,  to  deduce 
the  curve  for  a  gun  of  any  other  calibre  and  muzzle  velocity;  and 
(5)  empirical  formulae  enabling  a  practical  gunsight  to  be  so  constructed  that 
when  set  for  true  range,  it  is  also  set  for  the  true  elevation,  whatever  the 
calibi-e  of  the  gun,  the  muzzle  velocity,  the  air  density,  and  the  rate  of  change 
of  range  may  be. 

6.  At  a  conversazione  of  the  Eoyal  Society  last  year,  a  model  of  this  gun- 
sight,  made  by  Sii-  W.  G.  Armstrong,  Whitworth,  and  Co.,  was  shown,  and  later 
a  complete  sight  for  a  6-inch  gun  was  made  by  the  same  firm,  and  was  tested 
and  approved  of  by  the  Xaval  experts  at  Portsmouth,  but  it  has  not  been 
adopted  for  the  Britisli  Xavy.  The  author  had  designed  this  sight  for  use 
in  connection  with  a  range-finder,  and  also  with  a  new  range-keeping 
instrument,  and  a  mechanical  transmission  of  ranges  to  the  guusights,  so 
designed  that  the  guns  of  all  calibres  are  kept  by  a  motor  continuously  set 
for  the  varying  range,  while  the  speed  of  the  motor  is  checked  by  occasional 
observations  of  the  range.  The  advantages  claimed  for  this  system  of  gun- 
sighting  are:  (1)  All  guns  being  set  to  the  true  range,  a  ship  may  cany 
guns  of  various  calibres,  and  the  abolition  of  the  secondary  armament  in  our 
battleships    is  iinnecessary,   in   so    far  as   fire-control   is    a   consideration. 

(2)  The   officers,   during   an   action,   are    relieved   from   much   brain-work. 

(3)  The  test  bmins  of  the  ship  do  not  need  to  be  concentrated  on  a 
platform  at  the  mast-head.  (4)  Surrender  of  a  ship  when  that  mast  is  shot 
away  becomes  unnecessary,  tecause  control  of  all  of  the  ship's  guns  can  be 

♦  *  Roy.  Soc.  Proc.,'  January,  1905. 
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carried  on  from  any  turret.  These  advantages  can  be  secured  only  by  using 
a  sight  like  the  one  first  exhibited  by  the  author  to  the  Royal  Society,  which 
is  always  set  to  the  true  range,  whatever  may  be  the  muzzle  velocity,  air- 
density,  and  rate  of  change  of  range. 

As  the  author  referred  to  this  gunsight  in  his  previous  paper  on  "  Exterior 
Ballistics,"  he  desires  thus  shortly  to  record  the  success  that  attended  its 
construction,  before  proceeding  now  to  some  new  ballistic  theorems. 

7.  The  Angle  of  BescerU. — A  knowledge  of  the  inclination  of  the  trajectory 
of  a  shot  to  the  horizontal  line  at  the  end  of  its  flight  is  necessary  for 
estimating  the  extent  of  the  danger  zone.  According  to  the  principle  of 
the  rigidity  of  the  trajectory,  proved  in  artillery  text-books,  if  the  axis 
of  the  gim  has  to  be  inclined  at  an  angle  of  elevation  a  to  the  line  of  sight 
to  hit  a  target  at  the  range  B  on  a  horizontal  plane,  the  same  setting  is 
correct  for  any  target  vertically  above  the  former ;  so  that  if  the  vertical 
angle  between  the  two  target  positions  be  not  great,  the  trajectory  is  simply 
raised  through  that  angle.  Call  this  angle  Sa,  and  let  E+SR  be  the  range 
on   the   horizontal   plane  for  the  elevation  a  +  Sa.     Fi-om  fig.  1  it  is  clear 


Fig.  1. 

that,  if  OR  =  R  and  OR'  =  R+SE,  and  if  SOP  =  «  and  FOR  =  S«,  and 
PR'R  =  CO,  the  angle  of  descent,  when  SR  and  Sa  are  reduced  indefinitely, 
then 

PR 


.da 

RR' "      (fR 


tan  o>  =  -— -,  =  R-^  in  the  limit. 


8.  The  characteristic  curve  introduced  by  the  author  gives  the  geometrical 
expression  of  this  law  very  neatly.     In  fig.  2,  OR  is  a  range  and  tan  «  =  PR. 
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Through  O  draw  OQ  parallel  to  the  tangent  at  P,  and  euttin<^'  EP  produced 

in  Q.     Then 

QK  ^  rf.PPt  _  d.tan«  ^      1         rf«  ^  ^ 
OK      d.Ok  dH  cos^a'rfR      f/R 

for  moderate  elevations ;  therefore 

QR  =  OE.^  =  tano). 
all 

Thus  PE  is  the  angle  of  elevation  and  QE  the  angle  of  descent,  or  their 
tangents. 

9.  Cm^ollai^j, — If  in  fig.  2  the  line  OQ  pix)duced  cuts  the  characteristic 
curve  at  P',  draw  P'R'  perpendicular  to  OR  produced.  If,  as  a  first  approxi- 
mation, the  curvature  of  OPP'  be  taken  as  uniform,  then  OR'  =  20R  and 
P'R'  =  2QR.  Hence,  if  the  angle  of  descent  be  known  at  any  range,  twice 
this  angle  is  approximately  the  angle  of  elevation  at  twice  the  range.  This 
nile  for  extending  a  range-table  to  longer  ranges  has  long  been  known  as 
an  approximation.  The  geometrical  form  of  proof  shows  clearly  its 
limitations. 

10.  To  trace  the  trajectai^f/ irom  the  elevations  and  corresponding  ranges 
given  in  a  range-table : — 

Rule :  In  fig.  o,  let  OR  be  the  range  and  SO./:  the  elevation.    Take  any 


other  range  OR',  and  draw  O.v'  so  tliat  SOrr'  is  the  corresponding  elevation. 
Through  R'  draw  R'P  vertically,  meeting  0.>''  in  point  P.  Then  the  locus 
of  P  is  the  trajectory. 

This  follows  directly  from  the  principle  of  rigidity  of  the  trajectory.  For 
if  O.r'  were  horizontal,  the  angle  of  elevation  SO^.'  would  carry  the  shot 
to  R',  and  that  principle  says  that  when  Oo/  is  inclined  the  shot  is  carried 
to  the  point  P.  We  must  not  assume,  however,  a  mathematical  accuracy 
in  that  principle  in  cases  where  .>0i> '  is  not  a  small  angle.  lUit  even  where 
not  mathematically  exact  tliis  construction  is  very  useful. 
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The  Effects  of  Temperature  and  Pressure  on  the  Thermal 
Conductivities  of  Solids.  Part  II. — The  Effect  of  Loio 
Temperatures  on  the  Thermal  Conductivities  of  Pure  Metals 
and  Alloys. 

By  Charles  H.  Lees,  D.Sc,  F.R.S.,  Professor  of  Physics  in  the  East  London 
College,  University  of  London. 

(Received  November  8, — Read  December  12,  1907.) 

(Abstract.) 

Tlie  object  of  the  work  described  in  the  present  paper  was  to  extend  the 
measurements  of  Thermal  Conductivities  of  Metals  and  Alloys  made  by 
Lorenz,  Jager  and  Diesselhorst,  and  others  at  temperatures  between  QP  C. 
and  100°  C.  down  to  the  temperature  of  liquid  air,  and  thus  provide  a 
means  of  comparing  the  Thermal  and  Electrical  Conductivities  of  these 
substances  over  a  much  wider  range  of  temperature  than  has  hitherto  been 
])ossible. 

The  method  adopted  was  a  modification  of  that  used  originally  by 
Wiedemann  and  Franz.  A  rod  of  the  metal,  7  or  8  cm.  long.  0*6  cm.  in 
<iiameter,  was  placed  in  the  axis  of  a  vertical  copper  tube  of  2-7  cm.  internal 
^'3  cm.  external  diameter,  9*5  cm.  long,  closed  at  the  top.  The  lower  end  of 
^he  rod  fitted  into  a  copper  disc,  which  in  its  turn  fitted  into  the  lower  end 
of  the  copper  tube.  The  joints  were  accurately  made  and  were  smeared 
"with  olive  oil  to  exclude  air  and  improve  the  thermal  contact.  The  heat 
^hich  flowed  along  the  rod  was  supplied  electrically  by  means  of  a  current 
through  a  fine  platinoid  wire  wound  on  a  short  thin  brass  sleeve,  which  was 
slipped  on  to  the  upper  end  of  the  rod.  The  difference  of  temperatures 
^t  two  points  of  the  rod,  between  the  heating  coil  and  the  point  where  the 
xod  entered  the  disc  fonning  the  lower  end  of  the  tube,  was  measured 
l)y  means  of  two  platinum  thermometers,  the  wires  of  which  were  wound 
on  two  short  thin  brass  sleeves,  capable  of  sliding  along  the  rod.  The  three 
sleeves  fitted  the  rod  closely,  and  thermal  contact  was  improved  by  smearing 
Tod  and  sleeves  with  a  little  olive  oil. 

The  apparatus  was  placed  in  a  Dewar  vacuum  vessel,  which  could  be  filled 
with  liquid  air.  When  the  apparatus  had  cooled  down  to  the  temperature 
of  the  liquid,  the  excess  of  liquid  was  poured  off,  and  observations  conmienced. 
Owing  to  the  heat  supplied  to  the  rod,  and  the  flow  of  heat  from  without,  the 
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temperature  of  the  whole  apparatus  rises,  and  it  is  shown  in  the  complet 
paper  under  what  conditions  observations  taken  under  such  circumstance 
oan  \)e  used  to  determine  conductivities. 

In  making  a  determination,  the  difference  of  resistance  of  the  tw 
platinum  thermometers  was  first  measured  with  the  heating  current  roun 
the  rod  zero,  then  with  the  current  flowing,  then  again  with  it  zero.  Th 
difference  between  the  second  and  the  mean  of  the  first  and  last  gives  th 
difference  of  resistance  due  to  the  flow  of  heat  down  the  rod. 

The  instruments  used  in  measuring  the  watts  spent  in  the  heating  co 
were  standardised,  and  a  correction  was  made  for  the  lieat  conducted  awa 
from  the  rod  along  the  wires  supplying  the  current  and  along  the  wires  t 
the  platinum  thermometers.  The  effect  of  each  sleeve  on  the  flow  of  hea 
through  the  rod  in  its  neighbourhood  was  calculated  and  allowed  for. 

The  platinum  thermometers  were  standardised  by  observations  of  thei 
resistances  in  steam  at  about  100°  C,  in  ice  at  0°  C,  and  in  liquid  oxyge 
boiling  under  a  reduced  measured  pressure.  All  iemperatures  are  by  thi 
means  reduced  to  the  standard  constant  volume  hydrogen  thermometer. 

Besistance  coils  were  standardised  by  comparison  with  standards  testei 
at  the  National  Physical  Laboratory  or  at  the  Eeichsanstalt. 

The  rods  used  were  turned  from  materials  supplied  as  pure  by  firms  o 
repute,  and  have  been  tested  for  density  and  electrical  conductivity. 

The  following  table  embodies  the  results  obtained,  together  with  thos 
given  for  higher  temperatures  by  Jjiger  and  Diesselhorst,  and  it  will  be  see: 
that  they  justify  the  following  statements : — 

The  thermal  conductivities  of  most  pure  metals  decrease  as  the  temperatur 
rises  within  the  range  -160°  to  100°  C. 

The  thermal  conductivities  of  all  alloys  tested  increase  as  the  temperatur 
rises  within  the  range  —  160°  to  100°  C. 
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Table  of  Thermal  Conductivities  of  Pure  Metals  and  Alloys  between  —160° 
and  18*^  C,  as  deduced  from  the  present  Experiments,  compared  with 
those  at  18°  and  100°  C.  given  by  Jager  and  Diesselhorst  as  the  results 
of  their  Experiments. 


Substance. 


Chemical  and 
physical  state. 


From  the  present  experiments. 


At  At 

-160'C. -80'C. 


Jager  and  Diesselhorst' s 
results. 


Copper 
Silyer 
Zinc  ... 


Cadmium  

Aluminium   ... 

Tin 

Lead  

Iron   

Nickel    

Steel  

Brass 

Gherman  silver 

Platinoid  

Manganine    ... 
Lipowitz  aUoy 


Pure  soft  drawn 

0*999  Ag 

Pure  redistiUed 
cast 

Ditto    

0-99  Ai     

Pure  cast 

Pure     

Wrought 

0-99  Ni 


1-075 

0-960 

0-998 

1-006 

0-278 

0-269 

0-239 

0-228 

0-614 

0-498 

0  192 

0-173 

0-092 

0-085 

0-152 

0-160 

0  129 

0-136 

0-113 
0-181 
0-043 
0-042 
0-035 
0-042 


0-115 
0-223 
0-049 
0-047 
0-040 
0-043 


1 

Chemical 

At 

j     At     1 

At 

1      At 

and 

o^q. 

+  18'=C. 

i 

IS'^C. 

lOO'^C. 

i 

physical 
state. 

0-924 
0-981 
0-269 

0-219 
0-502 
0  160 
0-084 
0-147 
0-140 
0-116 
0-254 
0  056 
0-068 
0-050 
0-044 


0-916  0-918 
0  -974  !  1  -006 
0-268  '  0-265 


I 


:  0-217 

0-504 

;  0  157 

!  0-083 

j  0-147 

!  0  -140 

I  0-116 

0-260 

0  -059 

'  0-060 

'  0-052 

!  0-044 


0  -222 
0-480 
I  0  -165 
1  0-083 
'  0-144 
I  0-142 
0-108 


0-908 
0-992 
0-262 

0-216 
0-492 
0  145 
0-082 
0-143 
0-138 
0-107 


0-053  I  0-063 


Pure 

0  -9998  Ag 

Pure  cast 

Ditto 

0-99  Al 

Pure  wire 

Pure 

0  -9965  Fe 

0-97  Ni 

0-OlC 


I 
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The  Action  of  Ozone  on  Water-colour  Pigments. 
By  Sir  William  de  W.  Abnky,  KC.B.,  F.RS. 

(Received  November  21, — Bead  December  12,  1907.) 

In  1888  a  report*  upon  "  The  Action  of  Light  on  Water  Ooloui's  "  was^ 
made  to  the  Science  and  Art  Department  by  Dr.  Russell  and  myself,  in 
which  we  showed  that  mineral  colours  are  far  more  stable  than  ve<^etable 
colours,  that  the  presence  of  moisture  and  oxygen  are  in  most  cases  essential 
for  a  change  to  be  effected  even  in  the  case  of  vegetable  colours,  that  every 
colour  is  permanent  in  vacuo,  and  that  the  spectrum  colours  which  principally 
cause  fading  lie  at  the  blue  end. 

From  time  to  time  since  then  I  have  occupied  myself  and  exi)erimenteil 
with  pigments.  Amongst  others,  one  set  of  experiments  was  made  which 
is  fairly  complete,  and  which  I  wisli  to  lay  before  the  Royal  Society,  as  it 
may  prove  to  be  a  starting  point  for  other  investigations.  They  show  that 
water-colour  pigments  (which,  by  the  bye,  are  usually  the  same  pigments 
as  oil  pigments,  the  only  difference  between  the  two  being  the  vehicle  in 
which  they  are  situated)  might  fade  without  any  assistance  of  light  when, 
freely  exposed  to  the  air,  and  it  is  not  improbable  that  the  action  6t  light  in 
some  measure  in  the  presence  of  the  pigment  produces  the  effective  cause  in 
the  surrounding  atmosphere. 

It  was  suspected  from  the  first,  and  indeed  the  report  alluded  to  above 
implies  it,  tliat  the  fading  of  colours  is  due  to  oxidation.  If  such  be  the  cause, 
tlien  the  introduction  of  an  active  oxidising  agent  such  as  ozone  (or  peroxide 
of  hydrogen)  into  the  atmosphere  sliould  show  the  same  effect  as  the  pro- 
longed exposure  to  light.  To  ascertain  if  such  were  the  case,  strips  of 
varying  depths,  of  different  single  colours  or  of  mixtures  of  colours,  were  pre- 
pared, so  that  tlie  effect  miglit  be  studied  on  well-separated  particles,  and 
also  when  they  were  closer  together.  In  fact,  strips  were  prepared  as 
described  in  the  report.  A  piece  of  apparatus  was  put  together,  as  shown 
diagrammatically  in  the  following  figure  (p.  147). 

A  is  a  four-cell  Grove  battery  working  a  coil  B,  which  is  connected  with 
C  an  ozone  tube,  to  which  are  attached,  as  shown,  a  series  of  wide  tubes 
T'  and  T",  in  which  strips  of  pigmented  i)aper  can  be  readily  introduced. 
0  is  an  oxygen  bottle  supplying  the  ozone  tube  with  a  slow  stream  of 
oxygen. 

The  various  strips  were  well  moistened  at  the  back,  so  that  the  pigmented 
surface  was  damp. 

♦  Subsequently  printed  and  presented  to  both  Houses  of  Parliament. 
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When  everything  was  arranged,  the  flow  of  oxygen  was  commenced  and 
fclie  coU  put  in  action.    The  following  extract  from  my  note-book  of  the  first 
duty's  work  will  show  the  kind  of  strip  and  length  of  time  required  for  experi- 
ients  with  the  different  colours : — 
«7une  22. 

11.15     Put  into  the  tubes  crimson  lake,  Payne's  grey,  Antwerp  blue,  and 
indigo.    Bleaching  at  once  began  in  crimson  lake,  Payne's  grey, 
and  indigo. 
11.45     Took  out  crimson  lake,  quite  bleached. 
12.0  „       mdigo 

12.15  „       Payne's  grey 

Antwerp  blue  unchanged. 
1.35  '  Put  in  tubes  ultramarine  blue,  chrome  yellow,  and  a  fresh  strip  of 

indigo. 
1.38     Faint  wash  of  indigo,  quite  bleached. 
2.0       Next 

2.15     Took  out  indigo ;  darkest  wash  gone  pale  green. 
2.30     Put  in  tube  Prussian  blue. 

3.0  Put  in  indigo + gamboge*  (t.e.,  a  green  made  of  these  two  colours), 
and  of  Prussian  blue  +  raw  sienna  (i.e,,  a  green  made  of  these 
two  colours).  Took  out  chrome  yellow  and  ultramarine  blue, 
and  found  no  appreciable  change. 

*  Indigo  +  gamboge  means  a  green  made  by  mixing  indigo  and  gamboge  together ; 
^1^  +  sign  always  means  a  mixture. 
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3.20 


3.45 
4.5 


4.20 
4.30 


Indigo + gamboge,     indigo     bleaching;    light     washes     bleached. 

Gamboge,  light  shades  quite  bleached,  and  darker  shades  much 

lighter. 
Indigo + gamboge,  action  seemingly  over. 
Indigo -f  Venetian  red  (a  grey),  and  indigo -f  Indian  red  (a  grey) 

put    in    tube.      Bapid    disappearance     of     the    blue    b^an 

immediately,  and  at 
No  trace  of  the  indigo  appears  but  in  the  darkest  wash. 
Action  stopped.     No  further  change  in  the  indigo  +  Venetian  red 

or  in  the  indigo  +  Indian  red.     No  change  noticed  in  I^ussian 

blue,  Antwerp  blue,  or  in  Prussian  blue  +  raw  sienna. 


Colours  exposed  to 
light  by  BoBseU  and 
Abney  in  moist  air. 


Time  taken  to 

bleach  in  damp 

osonised  air. 


Ck>mposition  of  colour,  according  to  Winsor  and 
Newton. 


Unchanged. 

Indian  red  

Venetian  red  

Burnt  sienna  

YoUow  ochre  

Baw  sienna 

Emerald  green  .. 

Terre  yerte 

Oliromium  oxide 

Cobalt  blue 

Ultramarine  a0h.. 
Chrome  yellow   . . 


h.     m. 

« 
u 
u 
u 
u 
0  45 
u 
u 


A  Tariety  of  iron  oxide. 

ArtifidaUy  prepared  sesquioxide  of  iron. 

Burnt  raw  sienna. 

Natiye  earth. 

»  »} 

Acetoarsenite  of  copper. 
Natiye  earth. 
Chromium  sesquioxide. 
Alumina  tinctured  with  cobalt  oxide. 
Second  quality  of  blue  from  lapis  lazuli. 
Normal  ohromate  of  lead. 


Altered. 


Vermilion    

Rose  madder  

Brown  madder    . . 

Qtimbogc 

Aureolin  

Cadmium  yellow 

Naples  yellow 

Indian  yellow 

Olive  green 

Indigo 

French  blue    

Permanent  blue  . . 

Payne's  grey   

Violet  carmine    . 
Purple  madder  . 

Sepia    

Brown  pink 

Vandyke  brown  . 


Dextrotfed. 

Carmine  

Crimson  lake  .. 
Antwerj>  blue.. 
Prutisian  blue.. 


u 
4         0 
2       10 
0       50 


4 
0 
4 
1 
0 
3 
3 
1 
4 
0 
0 
0 

1 


0 

45 

0 

5 

40 

30 

30 

0 

0 

20 

50 

30 

15 


10 
30 


i     Mercuric  sulphide. 

Lake  from  the  madder  root. 

A  gum  resin. 

Double  nitrite  of  cobalt  and  potassium. 

Sulphide  of  cadmium. 

Caduiium  yellow  and  zinc  white. 

Prepared  "  purree  "  from  India. 

Indian  yellow,  umber,  and  indigo. 

Vegetable  blue  from  indigo  plant. 

Artificial  ultramarine. 

A  pure  variety  of  French  blue. 

Indigo,  crimson  lake,  and  carbon  black. 

A  lake  obtained  from  the  root  of  Anchtisa  tinctorxa. 

Lake  from  the  madder  root. 

From  the  cuttlefish  bags. 

Lake  from  quercitron  bark. 

Native  earth. 


Lake  prepared  from  cochineal.  i 

»»  n  }»  I 

A  weak  variety  of  Prussian  blue  containing  alumina,  i 
Ferrocyanide  of  iron. 
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The  table  on  p.  148  shows  the  results  obtained.  The  first  column  is  a  list 
of  colours  exposed  to  light  in  moist  air  in  the  order  of  stahUity.  It  is  copied 
from  the  report  above  mentioned.  The  second  column  shows  the  time  taken 
to  bleach  or  change  the  colours  in  a  moist  atmosphere  of  ozone,  (u  signifies 
that  no  change  took  place  in  the  colours  after  prolonged  exposure.)  The 
third  column  shows  the  composition  of  the  different  colours  (water  colours) 
according  to  Winsor  and  Newton's  catalogue. 

The  following  table  shows  the  time  of  fading  when  certain  mixtures  were 
tested : — 


Mixtures  submitted  to  damp 
ozone. 


Time  of 
fading. 


Remarks. 


Carmine  +  Prussian  blue  

„        -I-  Leitner's  blue  

Indigo  +  gamboge  

„      +yen6tianred   

,,      +Indianred   

,,      +  burnt  sienna    

„      +IndianyeUow 

„      +  Vandyke  brown  

„       +TeUow  ochre    

Crimson  lake  +  cobalt    

„  +  Antwerp  blue  .. 

„  +  Prussian  blue  .. 


Mins. 
15 
15 
45 
25 
25 
10 
10 
10 
10 
30 
20 
8 


Blue  left. 

Both  bleached. 
Bed  left. 

»» 
Sienna  left. 
Blue  gone. 


Cobalt  left. 
Blue  left. 


It  will  be  seen  that  the  ozone  had  no  effect  on  any  of  the  colours  which 
light  failed  to  aflfect  with  the  single  exception  of  emerald  green.  From  its 
composition  it  is  not  strange  that  some  effect  should  take  place  in  it.  Again, 
it  will  be  noticed  that  all  the  colours  unchanged  by  the  ozone  are  mineral 
colours.  In  the  list  of  colours  destroyed  by  light  are  Prussian  and  Antwerp 
blue,  both  of  which  are  of  the  same  composition.  Ozone  had  no  efiect  on 
either  of  them.  In  the  report  referred  to  it  was  mentioned  that  if  bleached 
Prussian  blue  were  placed  in  the  dark  its  colour  revived.  Presumably  there 
is  some  action  caused  by  light  which  is  absent  when  the  exposure  is  to  ozone 
Two  other  colours  imchanged  by  ozone  are  aureolin  and  vermilion,|rboth  of 
which  are  high  up  in  the  "  altered  "  list.  In  light,  vermilion  blackened  and 
aureolin  lost  but  little.  In  regard  to  the  remaining  colours  the  order  of 
bleaching  would  be  slightly  altered.  Beginning  with  those  which  took  longer 
to  bleach,  we  should  have — 


Bose  madder. 
Cadmium  yellow. 
Indian  yellow. 
Violet  carmine. 


French  blue. 
Permanent  blue. 
Vandyke  brown. 
Olive  green. 

Carmine. 


Payne's  Grey. 
Gramboge. 
Sepia. 
Naples  yellow. 


Indigo. 
Brown  pink. 
Crimson  lake. 
Purple  madder, 

L  2 
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Those  in  the  list  as  far  as  permanent  blue  took  hours  to  be  bleached  and 
should  be  r^arded  as  permanent  so  far  as  moist  ozone  is  concerned.  The 
remainder  must  be  looked  upon  as  fugitive,  the  fire  last  being  very  fugitive. 

Another  set  of  experiments  was  carried  out  in  which  drj  ozone  was 
introduced  into  the  tubes,  the  oxygen  bubbling  through  strong  sulphuric 
add  and  passing  over  phosphoric  anhydride  before  it  reached  the  ozone  tube. 
The  pigments  were  dried  in  an  oven  and  then  placed  in  the  tubes. 

No  change  took  place  in  any  of  the  colours,  though  submitted  to  the  dry 
ozone  for  a  long  period.  As  in  the  experiments  with  light,  it  is  evident  that 
moisture  must  be  present  in  order  that  bleaching  may  take  place.  It  is 
unnecessary  to  make  any  deductions  from  the  experiments,  except  to  point 
out  that  the  life  of  the  colours  will  be  longer  in  an  atmosphere  free  from  an 
active  oxidising  agent.  I  have  to  thank  Mr.  G.  B.  Woods  for  the  care  he  took 
in  carrying  out,  under  my  direction,  the  various  experiments. 


/ 


151 


JPreliminary  Note  on  the  Operational  Invariants  of  a  Binary 

Qftantic. 
By  Major  P.  A.  MacMahon,  D.Sc,  F.E.S. 

(Received  October  8,— Read  December  12,  1907.) 

^yfy  object  is  to  present  a  theory  of  operational  invariants  for  the  binary 
qix^ntie  of  order  n.  Many  of  the  results  that  are  here  given  have  been 
o^c  j>licitly  or  implicitly  given  in  the  works  of  Cayley,  Clebsch,  Gordan,  and 
€>t>l:xGjr  writers,  but  not  from  the  present  point  of  view  or  in  the  convenient 
Tiot^a^t^ion  that  will  be  adopted.  Some  quite  new  results  are  readied,  which 
iwill  be  found  to  throw  much  light  upon  the  work  of  others. 
i  .      In  the  algebraic  theory  we  take  the  quantic  to  be 

i^Tx<\  ^,  (T,  rf,  ...  as  alternative  symbolic  letters  to  a.  We  then  have  symbolic 
faotioxs  of  two  types,  viz.,  the  suffix  type,  a^y  and  the  bracketed  or  determinant 
tyj>e    (ah).     In  fact,  for  the  substitution 

iCi  =  XiXi-f/iiXa, 
,v^  ^  XaXi  +  A'^a, 
tirit3    determinant  of  which  is 

Xi/i,2— \a/ii  =  {\fi)  as  A, 
^"^    Ix^ve  ax"  =  Ax"  =  (AiXi  -I-  A3X3)" ; 

^^H^x-^  Ai  =  ai\i-^a2\2  =  aj^, 

A3  =  ^i/ii-f  a^a  =  (T^, 
(aJ)=  A-^AB). 


-*^*x^  real  form  of  a,"  is 

^    >;^rite  symbolically  3^^  =  I  ^j 


>.»»-2.>,  2 


W-^-^.-^-a^rJ^, 


^rie:rxce  it  is  readily  seen  that  ai,  aa 

^^  oogredient  to  ^1,  X2', 

^^  tihat  fi,  fa 

*^  ^iogiedient  to  «i,  «« ; 
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and  that  thus  we  obtain  the  new  invariant  symbolic  factors 

{xol\  («^),  (^f ),  (fi;), 

^>.     *^'     «a'     «r 
To  make  this  clear,  I  write  the  symbolic  letters  in  two  rows — 
X,  y,  z,  a,  ^,  7,  , 

«,  ^  <-',  f,  ^,  ?.  » 

where  ./;,  y,  s,  ...,  a,  /8,  7,  ...,  «,  &,  c,  ...,  f,  17,  f,  ...  are  alternative  letters 
respectively,  and  remark  that  all  letters  in  the  same  row  are  eogredient,  and 
that  letters  which  are  in  different  rows  are  contragredient.  Determinant 
invariant  symbolic  factors  are  obtained  from  any  two  letters  in  the  same  row, 
and  suffix  invariant  symbolic  factors  from  any  two  letters  in  diflferent  rows. 

An  invariant  factor  corresponds  to  every  pair  of  lettera,  so  that  if  there  be 
p  different  letters,  there  will  be 

(?) 

invariant  symbolic  factoiu 

As  regards  any  two  letters  in  the  first  row,  the  substitution  gives 

(a:y)  =  A(XY). 

the  power  of  the  modulus  for  transformation  being  unity. 
For  any  two  letters  in  the  second  row 

(af)  =  A-'(A3). 

the  power  of  the  modulus  being  negative  unity.  For  any  two  letters  in 
different  rows  the  invariance  is  absolute,  e.g,^  u.\  =  Xg. 

In  a  symbolic  product  absolute  invariance  is  secured  when  the  number  of 
determinant  factors  drawn  from  the  first  row  is  equal  to  the  number  drawn 
from  the  second.  The  power  of  the  modulus  is  always  equal  to  the  excess  of 
the  number  of  such  factors  drawn  from  the  first  row  over  the  number  drawn 
from  the  second. 

We  are  now  able  to  form  a  calculus  of  operational  invariants.  All  the 
operational  processes  at  present  in  existence,  including  those  which  produce 
evectants,  provectants,  and  emanants,  the  Aronhold  process,  the  ft  process, 
and  transvection,  are  included  in  the  present  enlarged  symbolism.  An 
invariant  operator  may  or  may  not  involve  the  variables  u  1,  x^y  and  it  may  be 
separable  into  two  portions,  one  of  which  involves  the  variables,  while  the 
other  does  not.  The  different  classes  will  present  themselves  for  examination 
as  the  work  proceeds.  Those  operators  which  do  not  involve  fi  and  fi 
may  be  homogeneous  in  the  variables,  and  are  then  analogous  to  algebraical 
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covariants.     The  leading  coefficient  will  then  be  found  to  have  semi-invariant 
properties,  and,  of  course,  the  same  also  may  be  said  of  the  end  coefficients. 

2.  First  consider  the  covariant  (aa)"  of  the  quantic  rtx*.   In  unsymbolic  form 
it  is 

or  a:i*3a„  -.^  i""  ^^oh-i  +...(-  )"^"3ao, 

^  covariant  of  order  n  and  of  degree  —1,  weight  — /i  in  the  coefficients. 
Operating  upon  any  algebraical  covariant,  it  produces  a  covariant,  and  it  is 
^easy  to  see  that,  in  many  cases,  it  causes  the  covariant  to  vanish.     For,  if  the 
-^Dperand  be  of 

(deg.,  weight,  order)  =  (t,  w,  e), 

:mt  is  transformed  into  one  of 

(deg.,  weight,  order)  =  (i— 1,  w—n,  e+?i), 

-S3nd  vanishes  for  the  cases 

i  =1,  w  <  n,  IT  =  n  +  1. 

Annihilation  takes  place  when  the  number  of  determinant  factors  in  the 
-^jperand  is  7i+ 1  or  <  n. 

In  particular,  a,"  is  annihilated  and  (n  >  2),  so  is  the  Hessian ;  amd  so  on. 

In  general,  the  symbolic  factor  {xa)  is  concerned  with  the  process  known 
^38  evectiou. 

3.  Next  consider  the  covariant  operator 

ajP(ica)P/Ta»~'', 

"^hich  is  lineo-linear  in  the  coefficients,  where  y  may  be  any  one  of  the 
^integers  0,  1,  2,  ...  n— 1. 

It  has  (deg.,  weight,  order)  =  (0,  — ^,  2;?), 

^«nd  therefore  converts  any  covariant  of  characters  (i,  w,  e)  into  one  which  has 
-characters  (i,  w—p,  e+2p). 

It  is  obvious  that  it  annihilates  any  covaiiant  operand  for  which  w  <  p  ox 
-«£;  =^+1.  It  is  merely  necessary  to  observe  that  the  coefficient  of  a;i*+^ 
vanishes,  imd  this  implies  the  vanishing  of  the  form.  Observe  also  that  if 
•1  =  2,  the  form  vanishes  unless  w—p  is  even. 

The  case  ^  =  0  gives  the  single  invariant  operator  which  is  lineo-linear  in 
the  coefficients,  viz., 

a«*  =  la  =  ao3cio+ai3ai+  ...+a„3aH. 

In  order  to  exhibit  to  the  best  advantage  the  unsymbolic  forms  of  these 
operators,  I  write,  following  as  far  as  possible  the  notation  adopted  by  other 
writers, 
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where,  to  explain,  if  f  be  a  symbol  to  denote  operation  upon  the  symbols  of 
quantity  only,  the  differential  inverses  being  regarded  as  constants, 

in2  =  nitn,. 


^,  0,  =  OitOi, 

lo3  =  Oito.to,. 


I  further  write 

W  =  Wi  =  a  A,  +  2aib^  + . . .  +  vajba^, 

W,  =  aia„,  +  2''aa3a,  + . . .  +  M'a,8a, ; 
where,  to  explain  the  formation, 

W3  =  WifWitW,, 


Observe  that  the  notation  gives 

I  =  fio  =  Oo  =  Wo. 
I  further  find  it  convenient  to  write  symbolically 

W,  =  W. 

so  that  J(W,-W,)=(Y), 


i(W8-3W,+2W,)  =  (Y)- 


4.  Whenju  =  1, 1  find,  for  ai(.tw)a,»  *,  the  expression 
xi*ai-x^  (»I  -  2W)  -x^i, 
which  merits  a  careful  study,  as  it  is  the  simplest  invariantive  form  whieh 
involves  the  well-known  seminvariant  operators  Hi,  Oi. 
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From  the  known  properties  of  fti,  wl  — 2W,  and  Oi  it  is  clear  that  it 
annihilates  every  invariant  of  aj^. 

Also  111  annihilates  the  leading  coefficient  of  every  covariant.  Hence, 
when  a  covariant  ^x*  is  the  operand,  the  term  involving  xi*^^  is  absent,  and, 
as  a  result,  the  operator  annihilates  also  every  covariant  of  ax\ 

Next,  in  the  operator,  put  aji  =  a;^  =  1.  We  see  that  the  sum  of  the 
coefficients  of  any  covariant  satisfies  the  equation 

ni-(nI-2W)-Oi  =  0. 

The  iflobaric  solutions  of  this  equation  are  invariants.  The  symbolic  form 
of  this  operator  is 

it  annihilates  (<^i  + 1^)*, 

if  ^,'  be  any  covariant. 
Any  covariant  <^,'  =  (<^o,  <^i,  <t>2\  ...Xa?i,  ^)' 

has  the  property  that  any  three  consecutive  coefficients, 

^tisfy  the  relation 

ni<^.+2~0iI-2W)<^.+i-Oi<^.  =  0, 

'wherein  ^,  with  a  negative  suffix  or  with  a  suffijc  greater  than  e,  is  to  be  put 
^ual  to  zero. 

It  will  be  noted  that  the  operators  fli,  Oi  from  their  positions  in  the 
covariant  are  themselves  seminvariants. 

Next  take  the  Hessian  of  the  covariant  operator,  viz., 

4niOi  +  (nI-2W)», 

'^here  the  multiplications  are  purely  algebraical  and  not  at  all  operational. 
"TVe  have  thus  an  invariant  operator  of  the  second  order,  which  will  come 
under  view  later  on  in  connection  with  Cayley's  operators 

5.  I  pass  to  the  case  ^  =  2,  which  has  the  unsymbolic  form 


-.^-'i«^2|(''/)i-2wj.ni 

,w{(»),-3(->+6(W)} 


+a-2«0a, 
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wherein  the  multiplications  of  operators  are  such  that  the  left-hand  operator 
is  performed  merely  upon  the  literal  coefficients  of  the  right-band  operator, 
and  not  at  all  upon  the  differential  inverses. 

Mv,—  Wifli  =  (aia„,  +  2aa8„.-|-...)(«o9a,  +  2aiaa,+  ...) 

OiWi  =  (an3an-i  +  ^Un^i^^a  +  • '  0  W^o,  +  2a^«.  +  •  •  •) 
=  l.n— l.«„3a^_j  +  2.;4  — 2.a„-.i3a„_jj+...  . 

I  note  first  that  the  operator  always  produces  a  covariant. 

fla  and  Oa  are  seminvariants.  fla,  for  example,  either  annihilates  a  leading 
semin variant  or  converts  it  into  another  one.  In  the  former  case  the  operator 
covariant  causes  the  operand  covariant  to  vanish ;  for 

and  the  alternant  of  Xl^  and  Ha  does  in  fact  vanish. 

What  seminvariants  are  caused  to  vanish  by  this  operator  fla  ?  The  reply 
to  this  question  is  supplied  by  the  theory  of  symmetric  functions.  For  make 
the  transformation 

a,  =  s !  6„ 

so  that  the  seminvariants  are  non-unitary  symmetric  functions  of  the  roots  of 

the  equation 

^^;»'^hiJ^-'^'\-  V«-2— . . .  =  0  ; 

fla  is  equivalent  to  h{jd(^^  -f  bid,,^  -h  b^i,^  +  . . . , 

and  this  again  to  Di^— 2D2, 

where  ^  ^.  =  -^,  (^aA.  4-  hvo,  +  ^2863  +...)*• 

Take  a  non-unitary  symmetric  function — 

then  l\{kik^-4.,.)  =  {hh,,,), 

and  Da  annihilates  every  symmetric  function  whose  partition  contains  no 
part  k. 

Hence  fla  here  is  equivalent  to  Da  and  all  symmetric  functions  which,  when 
expressed  in  partitions,  contain  no  part  2  are  solutions  of-  the  equation 

na  =  o. 

E,g,,  the  covariant       (^0^3 — Suoaia^  -f  2ai^)  Xi*  -[-... 

is  annihilated  by  the  quantic  covariant  operator,  because  ao^aa— 3aofl^iaa4-2ai^ 
when  transformed,  is  the  symmetric  function  2a^  or  (3),  the  number  2  not 
appearing  in  the  partition.     The  covariant  of  deg.  3  and  weight  5  in  the 
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coefficient  is  not  annihilated  because  the  corresponding  partition  is  (32) ;  we 
learn,  moreover,  that  the  result  of  the  operation  is  the  covariant  of  deg. 
weight  (3, 3)  which  corresponds  to  the  partition  (3). 

Generally  the  covariant  {ahf'cix'hx* 

is  converted  into  (<i6)^~^ax*"*"^&z*"*"^. 

The  operator,  for  the  quantic,  is,  on  development, 
'J'\^  («o3ci,  -h  3ai9a,  -h  BreA,) 
—xi^x^  (3ao3«^  +  2ai3,.,— 3asf9a,—  I2a^a^ 
+  3a:iW  (2flro3ao— ffi3a,  -  2a^^^a^a^  +  2a^c,,) 
— ^ii^3^(  — 3a43a,— 2ff39a.  +  3rta3ai-l-  12ai9,0 

of  which  the  symmetry  does  not  escape  attention. 

6.  When  /?  =  3  we  obtain  an  annihilator,  which  has  the  form 

-:ij^-3|("7^)i-2wTn2 

-.w{(«)i-4r7i)w+ior7^)(Y)-2o(y)} 

operative  for  all  quantics  of  order  not  less  than  4. 

7.  The  unsymbolic  form  of  the  operator 


IS 


ri^n. 


—xi*i'~h;-i< 


+Xi'*-W'' 


i2p 
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+  (_)., r,*-Vrj'. 
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W 


in-p  +  aX-,     \        1        /(«— i7+s— 1. 
\      «      /        /2)-«+l\\      «-l       / 

I  ^         2        ),H-j,+.-2\/W\_       .._y^_ii/W\ 


f2p\ 


>-n,_. 


+  {-)PXtI>X^'{ 


/p+l\  /;)+2\ 

/n\T    ^.    1    '/«-l\w^L2    //«-2\/W\ 

Ui  12/ 


^(-w.tlCT) 


r  /2p-s+i\ 


+(-)'aW-*o,-2^ 


2;^-s  +  2\  /2p\ 

V       2        )/n-y+»-2\/W\  .,_yUj/W\ 

+  /^-«+2|l   3-2   iUj  •••+^  ^(P^^U; 

2p-l)  ^  ,2p^ 

(I) 


/n-y  +  2W     l      1      Un-p+lWr     \2J,W 


^.(_)^+l,.„<./P-lOp_l-^ 


/2M      " 
1        1        „         (,j       J 

It  will  be  observed  that,  reading  the  rows  down  the  page,  the  signs  ai^ 
alternately  positive  and  negative  as  far  as  the  middle  row  (involving  x\^X2*y 
inclusive ;  after  that  row  the  signs  are  alternately  negative  and  positive  until 
the  last  row,  which  thus  has  the  sign  (  — y. 

It  is  operative  for  all  quantics  of  order  not  less  than  ^-f  1. 

The  Operators 

^•i3x,— Oi. 
8.  Cayley,  in  his  introductory  memoir  upon  Quantics,  defined  a  covariant  of 
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a,*  as  a  form  which  is  annihilated  by  each  of  these  operators.     By  the  linear 
transformation  ai-e  obtained  the  formulde 

+  Xa/^{Xia-X3H2-0ilA-2WJ} 
-X2^XiS2-OJ, 

A  {^ifi-a:af2-(7iIa-2Wa)}  =  2/ii/x8(XaHi-ftJ 

--2\i\a(XiH2'-0^), 

A  {xr^2-0a)  =  -/ii^  (XaHi-nj 

^\ULi  {XiHi-X8H2-(iilA-2Wj} 
+Xi«(XiH2-0^), 

from  which  it  is  clear  that  a  third  annihilator  of  all  covariants,  viz., 

should  be  added  to  the  two  of  Cayley. 
We  derive  at  once  the  absolute  invariant 

4(a;afi-ni)(a;ifa-Oi)+{:rifi-af,f2-(wI-2W)}^ 

wherein  the  multiplications  are  algebraical  and  not  at  all  operational 
The  symbolic  form  of  this  invariant  is 

where   observe   that  the  absence  of  determinant  factors  shows  that  it   is 
absolute. 

Observe  also  that  we  have  already  obtained  the  absolute  invariant 

4niOi+(nI-2W)a, 
whose  symbolic  form  is     n^a«*"*J^*~^  (2a^.— a»ft^). 

This  was  obtained  as  the  discriminant  of  the  quadratic  covariant 
x^Hx—xxx^  {n\  —  2W)  -x^Ox 
=  a^(xaL)aJ^''^, 

It  might  also  have  been  obtained   by  taking  the  ^-discriminant  of  the 
second  polar  of  this  covariant — 

yi^ni-yiy2(nl-2W)-ya^Oi 

and  since  the  invariantive  form 

has  the  unsymbolic  expression 

y^  (iC2f  1 — fli)— yiys  {^^if i  — iC2f2—  (wl  —  2W)}  —y^  (:rifa-  Oi), 
we  find  the  covariant  under  examination  by  taking  its  discriminant. 


160  Major  P.  A.  MacMahon.     On  the  [Oct.  8, 

Th4i  Opemtw  (rtf)'flr,»-». 

9.  This  is  of  degree  one  and  weight  zero  in  the  coefficients  and  of  order 
/^  — 27r  in  the  variables;  and  p  may  be  any  of  the  integers  1,  2,  3,  ...  t?. 
Writing  a/  =  /,  when  tt  =  1, 

and,  the  operand  being  any  covariant  <f>x^  =  <^,  we  obtain 

dx\  (1x2     dx2  dx\  * 
which  is  the  Jacobian  of  /  and  <^. 

Similarly,  if  <^  and  >/r  be  any  two  covariants  of  orders  p  and  q  in  the 
variables,  the  operation  of 

P(<t>^)<t>^'^  upon  fj^ 
produces  the  Jacobian  of  <t>  and  yjr,  viz., 

(ixi  (Ixq     dx2  dx\ ' 

and  the  operation  of  q  (-^f )  y^x^"^  upon  <^/ 

,  d-ylr  d<b      dslr  dS 

produces  -j-^  j    ""j      3     5 

^  dxi  dx2     dx2  dx\ 

viz.,  the  same  Jacobian  with  negative  sign. 

In  other  words,  the  first  transvectant  (iiberschiebung)  of  <^  over -^^  is  obtained 
by  the  operation  of 

P{<l>^)<t>^~'  upon  yjr,^, 
and  interchange  of  tlie  forms  (f>,  yfr  merely  changes  the  sign  of  the  result. 

We  may  write  tlie  theorem  in  the  form 

Tassing  to  tlie  case  tt  =  2,  we  find 

djY  (ixxdx2  dx^^ 

and  thus,  if  (^/,  i/r/  be  any  two  covariants, 

^(P(f>      d^y\r__.,    d^  d^yjr         d^     d'^ 

'/.'  1^  *  d,/'/     "^  dxidx2  '  dxidx2     dx-J^  '  dxi^  * 

the  second  transvectant  of  <f>  over  yfr. 
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In  general,  it  is  clear  that 

TT  I 

or,  as  it  may  be  otherwise  written, 

showing  that  the  ^rth  transvectant  of  two  forms  is  obtainable  by  a  pure 
operation  upon  either  of  the  forms. 

So  far  as  the  writer  is  aware,  such  a  transvection  has  not  hitherto  been 
exhibited  as  the  result  of  a  pure  operation.  The  importance  of  the  operational 
invariant 

is  thus  evident. 
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The  Absorption  Spectra  of  the  Vapours  of  Benzene  and  its 
Homologues  at  Different  Temperatures  and  Pressures,  and 
likewise  of  Solutions  of  Benzene. 

By  Walter  Noel  Habtlev,  F.RS.,  D.Sc.,  Eoyal  College  of 
Science,  Dublin. 

(Received  August  15,-^Read  December  12,  1907.) 

(Abstract.) 

The  author  having  been  engaged  since  the  year  1877  in  investigating  and 
correlating  the  physical  and  chemical  properties  of  aromatic  substances  in 
relation  to  their  chemical  structure  or  constitution,  he  has  latterly  found  it 
desirable  that  several  very  definite  compounds  should  be  examined  in  a  stat^ 
of  vapour,  as  well  as  in  solution. 

The  work  of  E.  Pauer,*  W.  Friederichs,t  and  of  L.  GrebeJ  is  referred  to  in 
detail  The  vapours  of  benzene  and  several  of  its  derivatives  have  been 
examined  (1)  at  different  temperatures  aiid  constant  pressure ;  and  (2)  at 
different  pressures,  the  temperature  being  constant.  The  previous  measure- 
ments of  Pauer,  Friederichs,  and  Grebe  have  been  confirmed,  and  reconciled 
where  they  do  not  show  complete  agreement  with  each  other.  The  record* 
of  temperature  and  pressure,  and  the  shortening  of  the  exposure  of  the 
photographic  plates,  constitute  important  difl'erences  between  the  work  of  the 
former  investigators  and  that  of  the  author. 

Details  of  the  following  photographs  are  given  : — 

Absorption  Bands  in  the  Spectrum  of  Benzene  Vapour  at  Different  Temperatures  and  a  Barometric 

Pressure  of  755'5  mm. 

Temperatures  12°-5  25°  43°  53° 

Number  of  bands  photographed  and  measured     65  84  82  56 

Absorption  Bands  in  the  Spectrum  of  Benzene  Vapour  at  11°*5  and  Different  Pressures. 

Pressures  in  millimetres  778  483  253  21 

Number  of  bands  measured 36  38  46  44 

The  same  at  100°  and  Different  Pressures. 


Pressures  in  millimetres 683         589         478 

381 
16 

279 
17 

172 

Number  of  bands  measured   9           13           14 

18 

The  same  at  100°. 

Pressures  in  millimetres 767         591         484         332 

206 

142 

99        88 

Number  of  bands  measured           6             9             9           12 

13 

11 

14        15 

The  same  at  100°. 

Pressures  in  millimetres 92 

69 

43 

Number  of  bands  measured  25 

36 

50 

*  *  Annalen/  1897,  vol.  61,  p.  363. 

t  *  Zeitschr.  f.  Wissenscbaftliche  Photographie,'  1905,  p.  633. 

X  Loc^  citf  1905,  p.  363. 
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The  Bame  at  lOCf . 

PreMores  in  miUimetres 67*5        62*5        87*6        28*5        22*5        15*5        9        5        4 

Number  of  bands  measured       81  64  60  72  75  88         62      88      80 

Absorption  Bands  in  the  Spectrum  of  Toluene  Vapour  at  Different  Temperatures  and  Constant. 

Pressure. 

Temperatures IQP       80»       4(f       6(f       Of       70^       8(f       90*       lO(f 

Number  of  bands  measured    16        20        16        20        28        21        24        28  18 

The  Absorption  Spectrum  of  Toluene  Vapour  at  Different  Pressures  and  CJonstant  Temperature*  v 

Pressures  in  millimetres 763        668        871         174        43 

Number  of  bands  measured  18  16  18  15        1^ 

The  Absorption  Bands  of  Ethylbenzene  Vapour  at  Different  Temperatures^ 

Temperatures lB°-5        40*        70^        lOOf^ 

Number  of  bands  measured...     19  18  8  2 

General  absorption 
occurs  here. 
Thet 


Temperatures 20^        86^        62*»       71**        100° 

Number  of  bands  measured...     17         15  5  8         Complete  absorption. 

The  Absorption  Bands  of  o-Xjlene  Vapour  at  DifTiBrent  Temperatures. 

Temperatures    20^  45*  72^  100*  121* 

N , f 

Number  of  bands  measured 28  21  No  bands,  general 

absorption. 

Absorption  Bands  of  m-Xylene  Vapour  at  Different  Temperatures. 

Temperatures    IV  40°  70°  100° 

Number  of  bands  measured 26  41  6  5 


General  absorption  occurs 
between  2662  and  2429. 
The  same,  ji-Xylene  Vapour. 

Temperatures 10*  40°  70°  100° 

Number  of  bands  measured    80  23  6  7 


General  absorption  from 
2790  to  2416. 
The  same,  Cjmene  Vapour. 

Temperatures ir*5  40*  70°  100° 

Number  of  bands  measured       0  7  9  9 

The  same,  Mesitylene  Vapour. 
Temperatures 18^-5  45*  72*  100°  120°  140^ 

Number  of  bands  measured        2  2  2  2         General  absorptiour 

The  measurements  are  given  of  similar  groups  of  bands  which  occur  in  the 
vapour-spectra  of  benzene,  toluene,  ethyl  benzene,  and  the  three  isomeric 
xylenes ;  benzene  and  toluene  being  compared  at  ordinary  temperatures  and 
also  at  30°  below  their  respective  boiling  points.  A  tabulated  statement  ia 
also  made  of  the  heads  of  strong  bands  which  appear  to  be  common  to 
benzene  and  its  homologues.  The  intensities  of  the  bands  in  the  benzene 
vapour-spectrum  at  100°  and  different  pressures,  were  compared  with  those 
at  temperatures  below  its  boiling  pointy  and  it  was  seen  that  the  bands  at 

M  2 
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100°  are  almost  identical  with  those  at  lower  temperatures,  but  with  this 
diflference,  that,  at  lower  temperatures,  some  of  the  bands  at  the  less 
refrangible  end  of  the  spectrum  are  feeble  and  less  well  defined.  The 
vapour-spectrum  of  benzene  is  divided  into  groups  of  bands  which  are 
caused  by  the  overlapping  of  two  or  more  similarly  constituted  spectra 
diflfering  in  intensity.  The  strong  bands  number  54,  there  being  27  in  each 
of  two  spectra.  In  addition,  there  are  30  feeble  bands,  which  also  fall  into 
two  series  of  similar  groupings,  but  with  less  regularity.  The  entire  number 
of  bauds  observed  between  12°-7  and  25^  under  a  pressure  of  759-5  mm., 
are  thus  resolved  into  four  spectra,  of  which  two  are  composed  of  strong  and 
two  of  weak  bands. 

Sumiiiary  and  Conclusions. 

As  regards  the  vapour-spectra,  it  is  proved  that  benzene  at  100°  C.  has 
the  same  molecular  mass  as  at  25°  or  12°'7. 

The  absorption  bands  at  100°  are  almost  identical  with  those  at  lower 
temperatures,  with  variations  as  to  definition  in  the  less  refrangible  rays. 
The  important  influence  of  the  position  of  the  substituted  hydrogens  in 
benzene,  upon  the  number  and  position  of  the  bands  in  the  spectra  of  its 
homologues,  is  clearly  demonstrated. 

Variations  in  the  spectra  of  benzene  at  different  temperatures  and 
pressures  are  explained  by  the  fact  that  there  are  two  different  kinds  of 
absorption  which  are  sharply  defined  and  may  be  differentiated.  First,  there 
is  the  general  absorption,  which  is  broadened  and  extended  towards  the  less 
refrangible  rays  by  rise  of  temperature ;  secondly,  there  is  the  selective 
absorption,  which  includes  all  the  narrow  individual  bands  and  groups  of 
bands  ;  they  are  not  widened  and  displaced  by  rise  of  temperature,  and  such 
changes  of  this  nature  that  they  undergo  are  the  effect  of  the  overlying 
general  absorption.  The  selective  absorption  is  best  studied  by  raising  the 
general  absorption  to  a  maximum  (at  100°),  and  studying  the  spectra  pro- 
duced by  reduction  of  pressure.  In  this  manner,  any  changes  due  to  general 
absorption  are  eliminated.  From  the  fact  that  increased  sharpness  and 
definition  of  the  narrow  bands  is  easily  produced  by  rise  of  temperatui-e, 
and  also  by  reduction  of  pressure,  the  general  absorption  is  clearly  shown  to 
be  caused  by  encounters  between  the  molecules,  and  tlie  numerous  narrow 
bands  are  to  be  ascribed  to  the  vibrations  of  the  atoms  or  atom-complexes 
within  the  molecules.  Tliis  confirms  the  conclusion  drawn  from  the  study  of 
solution-spectra  published  in  1881,*  in  1882,f  and  1885.J 

♦  *  J.  Cliem.  Soc.,'  vol.  39,  pp.  153—165. 

t  Loc.  cit.,  vol.  47,  pp.  685—757. 

X  *  Phil.  Mag.,'  1885,  voL  19,  5th  ser.,  p.  35. 
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The  similar  groups  of  bands  occurring  in  benzene  and  toluene,  and  the 
close  similarity  between  the  spectra  of  toluene  and  ethylbenzene,  with  the 
further  resemblance  between .  ?/i-xylene  and  toluene  and  ethylbenzene,  is 
evidence  that  the  mode  of  vibration  within  the  benzene  nucleus  or  ring- 
structure  is  in  a  great  measure  unafiected  by  the  side-chain  substitution. 

A  distinction  is  drawn  between  the  absorption  spectra  of  vapours,  called 
vapour-spectra,  and  of  solutions,  called  solution-spectra,  and  the  relationship  of 
one  to  the  other  is  explained.  Previous  investigations  carried  on  by  the 
author  for  many  years  are  briefly  referred  to,  and  it  is  shown  how  the  views 
entertained  have  been  confirmed  by  the  investigation  of  the  vapour-spectra. 
Attention  is  drawn  to  the  insufficiency  of  ordinary  chemical  formultne  to 
represent  the  constitution  of  organic  compounds,  particularly  of  those  like 
benzene  which  are  of  an  endothermic  character,  since  they  do  not  take  into 
account  the  distribution  of  energy  in  the  molecule,  and  this  obscures  the 
view  of  the  physical  character  of  chemical  structure  or  constitution.  In 
short,  whereas  bonds  and  linkings  in  the  formulae  usually  written  belong  to 
a  conception  of  chemical  structure  which  is  statical,  the  molecular  con- 
stitution of  such  substances  as  are  under  discussion,  when  based  upon  the 
evidence  derived  from  their  optical  properties,  is  essentially  dynamical.* 
The  relation  of  solution-spectra  to  vapour-spectra  is  shown,  by  reference  to 
the  results  obtained  by  Pauer,  Hartley  and  Dobbie,  and  by  Grebe.  The 
view  entertained  by  Baly  and  Collief  that  benzene  has  seven  and  no  more 
than  seven  solution-hands,  indicative  of  a  definite  making  and  breaking  of 
a  double  linkage  of  the  carbon  atoms  in  the  ring,  has  been  carefully 
examined,  and  the  author  finds  this  to  be  incompatible  with  well-ascertained 
facta.  From  the  measurements  and  numerical  relations  of  the  wave-lengths 
of  bands  in  solution-  and  vapour-  spectra  it  is  explained  how  four,  six,  seven, 
eight,  or  nine  bands  may  be  recognised  in  solution-spextra,  six  of  which  are 
similarly  constituted,  and  four  of  these  are  not  only  similarly  constituted  but 
very  nearly  of  equal  width,  intensity,  and  persistency,  that  is  to  say,  they 
have  the  same  coefficient  of  extinction,  and  in  all  ^ther  respects  an  almost 
exact  similarity.  They  correspond  with  four  groups  of  vapour-bands  which 
are  formed  by  the  four  different  series  of  bands  wliich  overlap,  and  they 
occur  where  they  overlap  to  the  greatest  extent. 

*  ''Single,  double,  or  treble  linkings  are  simply  an  incomplete  method  of  representing 
the  relation  of  the  carbon-atoms  to  each  other  at  some  particular  phase  of  their  vibrations '' 
(•  PbiL  Mag.,'  1885,  vol.  19,  pp.  65—57). 

t  *  Chem.  Soc.  Trans.,'  1905,  vol.  87,  p.  1332. 
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Further  Consideration  of  the  Stability  of  the  Pear-shaped  Figure 
of  a  Rotating  Mass  of  Liquid. 

By  Sir  G.  H.  Darwin,  K.C.B.,  F.RS.,  Plumian  Professor  of  Astronomy,  and 
Fellow  of  Trinity  College,  Cambridge. 

(Received  October  29,— Read  December  12,  1907.) 

(Abstract.) 

In  vol.  17,  No.  3  (1905),  of  the  'Memoirs  of  the  Imperial  Academy  of 
St.  Petersburg,'  M.  Liapounoflf  has  published  an  abstract  of  his  work  on  figures  of 
equilibrium  of  rotating  liquid  under  the  title  "Sur  un  Problfeme  de  Tchebychef." 
In  this  paper  he  explains  how  he  has  obtained  a  rigorous  solution  for  the 
figure  and  stability  of  the  pear-shaped  figure,  and  he  pronounces  it  to  be 
unstable.  In  my  paper  in  the  *  Philosphical  Transactions '  *  I  had  arrived  at 
an  opposite  conclusion. 

The  stability  or  instability  depends,  in  fact,  on  whether  the  sign  of  a 
certain  function,  which  M.  Liapounoff  calls  A,  is  negative  or  positive. 

M.  Liapounoff  tells  us  that,  after  having  seen  my  conclusion,  he  repeated 
all  his  computations  and  confirmed  his  former  result.  He  attributes  the 
disagreement  between  us  to  the  fact  that  I  have  only  computed  portion  of  an 
infinite  series,  and  only  used  approximate  forms  for  the  elliptic  integrals 
involved  in  the  several  terms.  He  believes  that  the  inclusion  of  the  neglected 
residue  of  the  infinite  series  would  lead  to  an  opposite  conclusion. 

In  my  computation  the  critical  function  is  decisively  negative,  whilst 
M.  Liapounoff  is  equally  clear  that  it  is  positive.  The  inclusion  of  the 
neglected  residue  of  the  series,  which  forms  part  of  the  function,  undoubtedly 
tends  to  make  the  whole  function  positive,  but  after  making  the  revision, 
explained  in  the  present  paper,  it  remains  incredible,  to  me  at  least,  that 
the  neglected  residue  should  amount  to  the  total  needed  to  invert  the  sign. 

The  analysis  of  my  former  investigation  has  been  carefully  re-examined 
throughout,  and  I  have,  besides,  applied  the  same  method  to  the  investigation 
of  Maclaurin's  spheroid,  where  the  solution  can  be  verified  by  the  known 
exact  result.f 

As  a  further  check,  the  formulae  of  the  former  paper  have  been  examined 
on  the  hypothesis  that  the  ellipsoid  of  reference  reduces  to  a  sphere.     The 

♦  A,  Vol.  200,  pp.  261—314. 

t  *  Amer.  Math.  Soc.  Trans.,'  1903,  vol.  4,  p.  113,  on  "The  Approximate  Determination 
of  the  Form  of  Maclaurin's  Spheroid,"  and  %  further  note  on  the  same  subject,  recently 
sent  to  the  same  society. 
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several  terms  correctly  reproduce  the  analogous  terms  in  the  paper  on 
Maclaurin's  spheroid. 

Dissent  from  so  distinguished  a  mathematician  as  M.  Liapounoff  is  not  to 
be  undertaken  lightly,  and  I  have,  as  explained,  taken  especial  pains  to 
insure  correctness 

Having  made  my  revision,  and  completed  the  computations,  I  feel  a 
conviction  that  the  source  of  our  disagreement  will  be  found  in  some  matter 
of  principle,  and  not  in  the  neglected  residue  of  this  seriea  I  can  now  only 
express  a  hope  that  someone  else  will  take  up  the  question. 

In  the  revision  of  the  computations,  the  methods  now  used  are  much 
better  than  the  old  ones.  In  as  far  as  this  paper  is  a  mere  repetition  of  the 
former  work  with  improved  methods,  the  results  are  only  stated  in  outline, 
but  I  now  show  how  any  of  the  ellipsoidal  harmonic  functions  may  be 
computed  without  approximation,  and  also  how  the  functions  of  the  second 
kind  may  be  found  rigorously. 

The  Cambridge  University  Press  is  engaged  in  bringing  out  a  collection  of 
my  mathematical  papers,  and  when  we  come  to  the  paper  on  the  "  Stability 
of  the  Pear-shaped  Figure,"  the  new  methods  of  computation  will  be 
substituted  for  the  old. 
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1.  The  object  of  this  paper  is  to  illustrate  the  theory  of  kinetic  stability, 
so  far  as  such  a  theory  can  be  said  to  exist,  by  a  few  simple  examples.  As 
the  theory  itself  appears  to  be  by  no  means  widely  known,  some  preliminary 
recapitulation  seems  advisable. 

The  difficulty  of  framing  a  definition  of  kinetic  stability  which  shall  be 
comprehensive  and  at  the  same  time  conform  to  natural  prepossessions  has 
long  been  recognised.*  Thus,  according  to  one  definition  which  has  been 
proposed,  the  vertical  fall  of  a  particle  under  gravity  would  be  unstable ; 
according  to  another  the  revolution  of  a  particle  in  a  circular  orbit  about 
a  centre  of  force  varying  inversely  as  the  cube  of  the  distance  would  be 
reckoned  as  stable,  although  the  slightest  disturbance  would  cause  the 
particle  either  to  fall  ultimately  into  the  centre,  or  to  recede  to  infinity, 
after  describing  in  either  case  a  spiral  path  with  an  infinite  number  of 
convolutions. 

There  are,  however,  certain  restricted  classes  of  cases  where  a  natural 
definition  of  stability  is  possible  and  the  corresponding  criterion  can  be 
formulated.  Suppose,  in  the  first  place,  that  we  have  a  dynamical  system 
which  is  the  seat  of  cylic  motions  whose  momenta  (in  the  generalised  sense) 
are  constant.f  Apart  from  the  cyclic  motions  the  configuration  depends  on 
a  certain  number  of  "palpable"  co-ordinates  qi,  q2y  ...,  ^n,  and  an  "equi- 
librium" configuration  is  one  in  which  these  co-ordinates  can  remain 
constant  when  the  system  is  left  to  itself.  Such  an  equilibrium  configura- 
tion is  said  to  be  stable  when  the  extreme  variations  of  these  co-ordinates^ 
consequent  on  an  arbitrary  disturbance,  are  confined  within  limits  which 
diminish  indefinitely  with  the  energy  of  the  disturbance.  Any  arrangement 
of  frictionless  gyrostats  gives  a  system  of  this  kind ;  on  a  larger  scale 
we  have  the  problem  of  the  free  rotation  of  a  liquid  mass  under  its  own 
gravitation. 

In  a  second  class  of  cases  we  have  (again)  certain  co-ordinates  whose 
values  do  not  affect  the   kinetic   or  the  potential  energy,  and  the  corre- 

♦  Cf.  F.  Klein  u.  A.  Sommerfeld,  *  Ueber  die  Theorie  des  Kreisels,'  Leipzig,  1898,  ...> 
p.  342. 

t  Cf,  Thomson  and  Tait,  *  Natural  Philosophy,'  §  319,  example  (G) ;  Lamb,  *  Hydro- 
dynamics,' 1906,  §§  140,  141. 
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spending  velocities  are  now  supposed  to  be  maintained  constant  by  the 
application  of  suitable  forces.*  We  have  then  to  investigate  the  stability 
(in  the  same  sense  as  before)  of  an  ''  equilibrium  "  configuration  in  which 
the  remaining  co-ordinates  qi,  q2,  ...>?»  have  constant  values.  As  an  example, 
the  system  may  be  attached  to  a  rigid  body  which  rotates  with  constant 
speed.  The  theory  of  the  stability  of  an  ocean  covering  a  rotating  globe 
al£o  comes  imder  this  clas8.f 

It  has  been  customary,   in   treatises  on  dynamics,  to  discuss  all  such 
questions  by  the  classical  method  of  "small  oscillations."     If  the  variations 
of  tlie  co-ordinates  ^^i,  ^a,  ... ,  9n  be  regarded  as  infinitely  small,  the  solution 
of  tixe  equations  of  disturbed  motion  is  obtained  in  the  form 

Sqr  =  SCe^^S  (1) 

the       values  of  X*  being  determined   by  an  algebraical  or  (in  the  case  of 

fi^     infinite  number  of  degrees  of  freedom)  a  transcendental  equation.     If 

the^^  values  of  X^  are  found   to  be  all  real  and   negative,  the  undisturbed 

configuration  is  reckoned  as  stable,  whilst  if  any  of  them  are  positive  or 

^^*>ci.pilex,  it  is  accounted   as  unstable.     As  familiar  instances  of  problems 

^^^^oxissed  from  this  standpoint,  we  have  the  stability  of  the  conical  pendulum, 

^*     tilie  steady  precessional  motion  of  a  top,  and  so  on.    The  geneml  theory 

P*    t:-lie  method,  including  the  conditions  of  stability  (in  this  sense),  has  been 

^^^stigated  by  Eouth.} 

^^^  Poincar^§  has,  however,  insisted  on  the  fact  that  this  method  may, 

^"^^^c^    a  practical  point  of  view,  be  altogether  misleading  as  to  the  ultimate 

^*^^^our  of  the  system.     If  deviations  from  the  equilibrium  configuration 

^    xr^isted  (as  in  practice  they  always  are)  by  forces  of  a  viscous  character 

^"^^^^'tiing  the  co-ordinates  ji,  ja,  ... ,  ?n,  then  in  the  case  of  absolute  (statical) 

^"^iXibrium  the  usual  criterion  of  stability,  viz.,  that  the  potential  energy 

^^^"ti    be    a    minimum,  is    not    affected.      But  in   such   cases  of  kinetic 

®^^ilibrium  as  have  been  referred  to,  it  may  happen  that  the  effect  of  the 

^^*^^^^>us  forces  is  gradually   to  increase  the   deviation,  even  although   the 

^^^ilibrium  configuration  is  primd  facie  (i.e.,  from  the  "  classical "  standpoint) 

ttxoxxjughly  stable.     A  distinction  is  accordingly  drawn  between  "  ordinary  " 

^^    **  temporary "  stability,  i.e,,  stability  as  judged  by  the  method  of  small 

^^eillations,  and  "secular"  or  "permanent"  stability,   i.e.,  stability   when 

^^gard    is    had     to    possible    viscous     forces    afifecting     the    co-ordinates 

*  Tbomaon  and  Tait,  §  319,  example  (F). 
f  *  Hydrodynamics,'  J  906,  §§202,  203,  204. 

I  *  Stability  of  Motion,'  1877 ;  '  Advanced  Rigid  Dynamics,  6th  ed.,  1905,  chap.  vi. 
§  "Sur  TEquilibre  d'ime  Masse  Flaide  anim^  d'un  Moavement  de  Botation,"' Acta 
Ifath.;  1885,  vol.  7,  p.  259. 
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9b  9a,  ... ,  9ii.  The  question  of  permanent  stability  is,  of  course,  the 
important  one  in  physical  and  cosmical  applications. 

Fortunately,  the  criteria  of  permanent  stability  are  much  simpler  than 
the  elaborate  criteria  of  temporary  stability  investigated  by  Bouth.     In  the 
former  class  of  problems  (that  of  constant  cyclic  momenta),  the  condition 
is  that  a  certain  function  V+K  should  be  a  minimum,  where  V  is  th© 
potential  energy,  and  K  denotes  the  kinetic  energy  of  the  cyclic  motions* 
alone.     In  the  second  class  of  oases  (where  certain  velocities  are  maintainecL- 
constant),  the  condition  is  that  the  "kinetic  potential"  V— To  should  be^ 
a  minimum ;   here  To  denotes  the  kinetic  energy  of  the  system  when  at==: 
"  rest "  in  any  prescribed  configuration  (ji,  ja,  ... ,  j»).* 

These  principles  were  clearly  laid  down  by  Poincar^  in  1885,  and  appliedB 
to  the  problem  of  rotating  fluid ;  but  it  is  doubtful  whether  they  have^ 
received  adequate  recognition  beyond  the  necessarily  somewhat  narrow  circle?^ 
of  writers  who  have  been  concerned  with  the  special  question.t  It  is  for:* 
this  reason  only  that  I  venture  to  call  attention  to  a  few  practicaHT 
exemplifications  of  the  theory.  These  relate  to  the  second  class  of  casea^ 
above  referred  to,  and  in  particular  to  the  question  of  stability  of  equilibriimi^i 
relative  to  a  rigid  body  which  is  maintained  in  constant  rotation  abouGiP 
a  fixed  axis. 

2.  The  trivial  character  of  the  first  example  may  be  excused  on  the  ground-K 
that  it  shows  almost  intuitively  the  necessity  for  some  qualification  to  the^ 
doctrine  of  "ordinary"  stability.      We  consider  a  particle  movable  on  the^ 
inner   surface  of   a   spherical   bowl   which   rotates   with   constant  angular  ^ 
velocity   (co)   about   the   vertical   diameter.      If   the   bowl   be   smooth   the   ^ 
equilibrium   of   the   particle  when  in   the  lowest   position  is  "  ordinarily " 
stable,  since  the  rotation  of  the  bowl  is  quite  irrelevant.     But  if  we  admit    ^ 
the  existence  of  friction,  however  slight,  between  the  particle  and  the  bowl, 
the  lowest  position  is  "  permanently "  stable  only  so  long  as  ox  ^^  (9/«)» 
where  a  is  the  radius.     This  results  immediately  from  the  consideration  of 
the  formula  for  the  kinetic  potential, 

V-To  =  -M^a  cos  ^-  JMoV sina  6,  (2) 

where  M  is  the  mass  of  the  particle,  and  6  is  its  angular  distance  from  the 
lowest  point.  When  the  above  value  of  a>  is  exceeded,  the  only  permanently 
stable  position  is  that  in  which 

cos  ^  =  4  ,  (3) 

*  See  Poincar6,  loc,  cit.,  or  the  author's  *  Hydrodynamics,'  U.  cit, 

f  The  latest  edition  (1905)  of  Routh's  *  Advanced  Rigid  Dynamics '  contains  no  reference 
to  the  matter. 
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when  the  particle  rotates  with  the  bowl  like  the  bob  of  a  conical  pendulum. 
To  examine  in  detail  the  initial  stage  when  the  particle  is  slightly  disturbed 
from  its  lowest  position  we  may  (for  mathematical  convenience)  adopt  the 
hypothesis  of  a  frictional  force  varying  as  the  relative  velocity.  If  we 
employ  horizontal  rectangular  axes  Ox,  Oy  passing  through  the  lowest  point, 
and  rotating  with  the  bowl,  we  have,  when  x,  y  are  small, 


;»— 2ft)y— 6)%:  =  — A:a;— ?-, 


a 


(4) 


where  k  is  the  frictional  coefficient    These  equations  may  be  combined  into 


(:-|-(2uo+A;)?+(|-«*)?=0, 
where  f  =  a;+ty.    If  we  assume 

we  find     X  =  —%m±i  ^/^-^k  (l  +  a  /s/-]  ,       (7) 

if  the  square  of  i  be  n^lected.  If  ^,  17  be  Cartesian 
■co-ordinates  referred  to  fiaxd  axes  through  0,  the  com- 
3)lete  solution  is 

f + i,  =  fe'-'  =  Ci«"'+'" + Ca***'-^,  (8) 

where   <r  =  ^Z^.      ^}  =  -lk(l  +  ,o  a/^).      (9) 

If  this  be  put  in  real  form  we  perceive  that  the  motion 
is  made  up  of  two  superposed  circular  vibrations,  in 
opposite  directions,  of  period  27r/o- ;  moreover  that,  if 
ia^>ff/a,  piis  positive,  so  that  that  circular  vibration 
whose  sense  agrees  with  a>  continually  increases  in 
Amplitude.  The  particle  works  its  way  outwards  in  an 
^ver  widening  spiral  path,  approximating  to  the  stable 
position  of  relative  equilibrium  indicated  by  (3). 

3.  The  next  illustration  is  of  a  more  practical 
character,  and  admits  of  being  realised  with  consider- 
able exactness.  A  pendulum  symmetrical  about  a 
longitudinal  axis  hsmgs  by  a  Hookers  joint  from  a 
vertical  spindle  which  is  made  to  rotate  with  a  constant 
angular  velocity  «>.  The  pendulum  used  by  the  writer 
was  constructed  originally  without  any  reference  to  the 


(5) 


(6) 
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Fig.  2. 


present  question ;  no  special  pains  were  taken  with  the  Hooke's  joint,  and  the 
friction  there  was  appreciable.    Under  these  conditions,  the  instability  of  the 

vertical  position  when  the  rotation  ca  exceeds 
a  certain  critical  value  becomes  rapidly  appa- 
rent; the  originally  vertical  axis  of  the  pen- 
dulum describes  an  ever  widening  cone,  tending 
towards  the  inclined  position  in  which  it  can 
rotate  as  one  body  with  the  spindle.  To 
examine  the  problem  mathematically,  let  0 
denote  the  inclination  of  one  arm  A  of  the 
joint,  the  other  arm  being,  of  course,  horizontal, 
and  let  ^  be  the  angle  which  a  plane  through 
the  axis  A  and  the  axis  of  symmetry  (C)  makes 
with  the  vertical  plane  through  A.  The  kinetic 
energy  is  then  given  by 

2T  =  A  (<^  +  6)  sin  ^)2+ B  {6  cos  <^— «  cos  6  sin  <^)*-|-  C  (^  sin  <^+ ©  cos  0  cos  <^)^ 

(10) 
where  ABC  denote  the  principal  moments  of  inertia  of  the  pendulum  at 
the  centre  of  the  joint.    Hence,  if  A  =  B,  we  have 

V-To  =  -Ugh  cos  0  cos  4>-\to^  {A-(A-C)  cos^^cos^c^},        (11) 

provided  h  denote  the  distance  of  the  centre  of  gravity  from  the  joint.     This 
expression  ceases  to  be  a  minimum  for  0  =  0,  <^  =  0,  if 

<»*>^^^^^,,  (12) 

<'ind  the  only  stable  positions  are  then  those  in  which  the  pendulum  makes 
an  angle  x  ^^ith  the  vertical,  given  by 

(13) 


cos 


X  =  cos0cos,^=-M.J^_. 


To  exaiuiiie  the  motion  about  the  vertical  position  we  neglect,  in  (10), 
terms  in  6  and  ^  of  liigher  order  than  the  second.    Thus 

2T  =  A  {ff^  +  ^»)  +  2  A  w  (^<^  -  d<l>)  +  2C6>  ^^ + ( A  -  C)  »» {0* + 4?)  +  const., 

(14) 
2V  =  Mi/A(fl2  +  <^»). 

Hence  Lagrange's  equations  give 

A^-(2A-C)6j<^-{(A-C)ft)=«-M7/t}  6  =  0,~> 
A(^  +  (2A-C)  (cd-  {(A-C)  ft)»-M///i}  ^  =  0.  J 

As  in  the  case  of  (4),  we  find  that  tliese  are  satisfied  by 

^  +  i<^  =  IV",  (17) 


(15) 


(16) 
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provided  Aff»+(2A-C)  a>«r+(A-C)  w*-Ugh  =  0,  (18) 

.^-(l-C^^±,^(^^^^^^^.  (19) 

The  vertical   position  is  therefore  "  ordinarily "  stable,  whatever  the  value 
of  ca. 

It   is  evident   that  0,  ^  are   the  rectangular  co-ordinates,  relative   to 
:x*otating  axes,  of  a  point  on   the  axis  of  the  pendulum.     For  the   corre- 
sponding co-ordinates  relative  to  fixed  axes  we  have 

f + ii;  =  (^ + i<^)  «^«  =  Fe*  <*^+-) «,  (20) 

^hero  .+« =  C^±v/(Cy+4AM^^).  (21) 

*IFhe  motion  is  therefore  made  up  of  two  superposed  circular  vibrations  of 
^i^iflerent  periods  27r/(cr+<»),  the  more  rapid  vibration  being  the  one  whose 
cflirection  of  revolution  agrees  with  that  of  the  spindle. 

To  investigate  the  question  of  permanent  stability  we  introduce  into  the 
■.^t-hand  members  of  (16)  terms  A(J,  k(f>  to  represent  the  viscous  forces  at  the 
p  ^Dint.     The  modified  equations  are  satisfied  by 

0+i(l>  =  Fe^,  (22) 

E^^rovided       AX«+{(2A-C)i(i>+A:}  \-{(A-C)(»3-M^A}  =  0.  (23) 

C  f  o-i,  era  be  the  two  values  of  a-  given  by  (19),  this  may  be  written 

A  (X— io-i)  (X-io-2)  +  iX  =  0,  (24) 

-^■le  two  roots  of  which  are,  if  we  neglect  the  square  of  k, 

A(cri— 0-3)  A(cr2— cTi) 

^C^hen  a)^<M^A/(A— C)  the  two  values  of  a  have  opposite  signs,  and  the 
c^^^al  parts  of  Xi,  X2  are  both  negative.  The  vertical  position  is  then  per- 
t^ianently,  as  well  as  "ordinarily"  stable.  But  if  <»*>M^A/(A— C)  both 
^^alues  of  a  are  negative,  and  if  ai  be  the  smaller  in  absolute  magnitude,  the 
^^«al  part  of  Xi  will  be  positive,  and  that  of  X3  negative.  If  we  pass  to  fixed 
^xes,  writing  as  before 

f  H-ii;  =  (^+i<^)e^*  =  F«<^+^)*,  (26) 

V^e    find  that  the  periods  of  the  two  circular  vibrations  are  to  a  first 
Approximation  unaffected   by  a   small  degree    of    friction,    but    that   the 
«tmplitude  of  one  of  these  vibrations,  viz.,  the  one  whose  direction  of  revolu- 
tion agrees  with  that  of  the  spindle,  increases  exponentially  with  the  time, 
whilst  the  amplitude  of  the  other  sinks  asymptotically  to  zero.    These  points 
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are  illustrated  in  a  striking  manner  by  the  apparatus  referred  to.*  Sub- 
stantially the  same  experiment  can  be  made  in  a  simpler  form  by  means  of 
a  heavy  metal  ball  hanging  by  a  stout  string  from  a  hook  at  the  lower  end  of 
the  spindle.  If  due  precautions  be  taken  to  check  the  violent  evolutions  which 
the  ball  is  sometimes  apt  in  the  first  instance  to  perform,  the  torsion  of  the 
string  soon  brings  the  latter  into  a  state  of  steady  rotation  about  a  vertical 
diameter,  with  practically  the  angular  velocity  of  the  spindle.  When  the  steady 
state  has  been  attained  the  ball  may  be  left  to  itself,  with  the  string  vertical 
The  friction  of  motion  relative  to  the  spindle  is  in  this  form  of  the  experi- 
ment very  slight,  and  although  a  close  observation  may  soon  detect  the 
tendency  to  a  circular  vibration  of  continually  increasing  amplitude  in  the 
direction  of  revolution  of  the  spindle,  some  time  may  elapse  before  this 
becomes  really  conspicuous.     The  final  result  is,  however,  unmistakablcf 

4.  The  question  is  not  seriously  modified  by  a  slight  amount  of  deviation 
from  the  theoretical  conditions,  e.g.,  in  the  problem  oif  §  3,  by  a  slight  defect 
of  alignment  between  the  axis  of  rotation  of  the  spindle  and  the  centre 
of  the  joint.  The  configuration  of  relative  equilibrium  about  which  the 
observed  oscillations  take  place  is  only  slightly  altered,  except  in  the  case 
of  approximate  agreement  between  the  imposed  period  of  rotation  and  what 
would  be  the  natural  period  of  vibration  in  the  absence  6f  rotation. 

The  effects  of  a  want  of  perfect  alignment  in  §  3  can  be  studied  in  their 
simplest  form  if  we  neglect  the  moment  of  inertia  (C)  about  the  axis  of  the 
pendulum.  The  case  is  then  that  of  a  particle  suspended  from  the  lower 
surface  of  a  horizontal  disc,  which  is  made  to  rotate  about  a  vertical  axis. 
If  I  be  the  length  of  the  string,  and  a  the  distance  of  the  point  of  suspension 
from  the  axis  of  rotation,  the  inclination  a  of  the  string  to  the  vertical  in  a 
position  of  relative  equilibrium  is  given  by 

-^,  =  cos  a  +  sin^  /8  cot  a,  (27) 

where  sin'/S  =  «//.     If  -^^  <  cos^/S,  (28) 

this  has  three  solutions,  for  two  of  which  sin  a  is  negative  ;  in  one  of  these, 
moreover,  sin  a  is  numerically  greater,  and   in   the  other  numerically  less, 

♦  It  may  be  worth  while  to  give  roughly  the  dimensions.  The  steel  rod  shown  in 
fig.  1  had  a  length  of  36  in.  and  a  thickness  of  ^  in.  The  diameter  of  the  iron  disc  d 
which  could  be  fixed  in  vaiious  positions  along  the  rod  was  7  in.  and  its  thickness  ^  in. 
The  spindle  was  driven  from  a  small  electromotor,  by  means  of  the  small  pulley  shown,  at 
speeds  ranging  up  to  about  26  revolutions  per  second. 

t  In  atypical  experiment  the  ball  was  3  in.  in  diameter,  and  was  suspended  by  a  string 
33  in.  long ;  and  the  speed  was  about  7  revolutions  per  second.  The  circular  vibration 
took  about  18  minutes  to  attain  an  amplitude  of  1  inch. 
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than  sinjS.  These  three  positions  are  shown  in  fig.  3.  The  position 
is  found  to  be  both  "ordinarily"  and  "permanently"  stable,  whilst  the 
position  III  is  on  either  reckoning  unstable.  Case  II  is  "permanently" 
unstable,  but  the  question  of  "ordinary"  stability  is  less  simple.  For 
sufficiently  great  values  of  a>  the  equilibrium  may  become  unstable  from  this 
point  of  view,  but  there  is  no  difficulty  in  adjusting  the  conditions  so  that 


Fig.  3, 


there  may  be  "  ordinary  "  stability  with  "  permanent "  instability.  This 
was  illustrated  by  an  experiment  in  which  the  excentricity  (ajl)  was 
purposely  made  appreciable.  The  metal  ball  referred  to  was  suspended  by' 
a  stout  string  about  3  feet  long  from  a  point  1  inch  out  from  the  centre  of 
the  rotating  disc.  If  the  ball  be  carefully  steadied  in  the  central  position 
before  being  left  to  itself,  its  subsequent  demeanour  differs  in  no  essential 
way  from  what  is  observed  when  the  suspension  is  made  as  nearly  axial  as 
possible. 

5.  The  next  example  is  one  in  which  the  number  of  degrees  of  freedom 
is  infinite.  For  a  reason  to  be  given  it  is  hardly  a  practical  one,  but  it 
may  serve  to  illustrate  the  limitations  to  which  the  application  of  the  theory 
is  subject.  We  consider  a  cylindrical  shaft  rotating  in  fixed  bearings 
placed  at  isolated  points,  and  the  question  is  at  what  speed  the  straight 
form   becomes  unstable.     If  the  circumferential  velocity  of  the  shaft  be 
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small  compared  with  the  elastic  wave- velocities  of  the  material,  the  angular 
momentum  about  the  axis  may  be  ignored.  Under  this  condition  it  is 
obvious  that  the  straight  form  is  "  ordinarily "  stable,  the  fact  of  the 
rotation  being  irrelevant.  To  investigate  the  "permanent"  stability,  con- 
sider, for  definiteness,  a  length  /  between  two  bearings  A,  B.  If  the  axis 
of  a:  be  taken  along  the  length  of  the  shaft,  and  if  y  denote  the  lateral 
deviation,  we  have,  by  the  usual  theory  of  flexure, 

V  =  iE/c^  (V'^tfe,  (29) 

Jo 

To  =  ipa)«S  ^fdx,  (30) 

Jo 

where  S  is  the  cross-section,  k  is  the  radius  of  gyration  about  a  diameter, 
E  denotes  Young's  modulus,  and  p  is  the  density  of  the  material.    Hence, 

V-ToocfVy"*-77ioV)cfa 
Jo 

« \yY-yy'"\-^Uy''-^'y)ydx.  (3i) 

where  ^o*  =  ^!.  (32) 

The    integrated   terms  vanish   if  each  end  be    either    free,  or    merely 

supported,  or  fixed  also  in  direction.     It  is  known  from  the  ordinary  theory 

of  transversal  vibrations*  that  any  arbitrary  function  y  which  is  subject  to 

the  given  terminal  conditions  can  be  expanded,  for  0<x<l,  in  a  series  of 

normal  functions, 

y  =  Cii^i-|-C2?^2H-....  (33) 

Here  -wi,  U2,  . . .  satisfy  the  dififerential  equations 

tti*^  =  Wi*Wi,     ita*^  =  7/ia*w-,,  ...,  (34) 

and  the  proper  terminal  conditions,  mi,  ?«^,  ...,  being  the  roots  of  a  certain 
transcendental  equation,t  arranged  in  ascending  order  of  magnitude.  If  we 
substitute  from  (33)  in  (31),  and  omit  terms  which  vanish  in  consequence  of 
the  orthogonal  property  of  diflferent  conjugate  functions,  we  find 

V-Tooc  (wi*-7no*)Ci3  rwi3tfo:  +  (7W2*-mo*)Ca^  ['v^^tfe-h... .        (35) 
Jo  Jo 

♦  See  Rayleigh,  *  Theory  of  Sound,'  chap.  viii. 

t  Thus,  if  the  shaft  be  merely  supported  at  the  ends,  the  equation  is  sin  mZ  =  0 ;  if  it  be 
fixed  in  direction  at  one  end  and  free  at  the  other,  we  have  cos  m/ cosh  m2+ 1  =  0. 
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The  frequencies  {a/2w)  of  the  various  modes  of  natural  vibration  of  the 
shaft  are  determined  by  the  relation 

cr,^  =  ?^'.m/.  (36) 

P 

Hence  V— To  is  a  minimum,  in  the  straight   condition,  or  the  equilibrium 

is  permanently  stable,  only  so  long  as  two*  <  mi*,  *.«•,  so  long  as  the  period  of 

rotation  is  greater  than  that  of  the  gravest  mode  of  transverse  vibration. 

The  incipient  stages  of  the  instability  might  be  studied  as  in  the  previous 

problems.      The   motion  can  be   analysed   into  circular  vibrations,  and   it 

appears   that   the   amplitude   of  one  at  least   of  these,  having  the   same 

direction  of  revolution  as  the  shaft,  should  increase  exponentially  with  the 

time,  provided  Wo  exceed  the  smallest  root  of  the  transcendental  equation 

which  determines  m. 

We  conclude  that  a  truly  symmetrical  shaft,  rotating  accurately  about  it» 

axis,  in  rigidly  fixed  bearings,  with  any  speed  exceeding  that  of  the  gravest 

mode  of  transverse  vibration,  would  be  rendered  unstable  by  viscous  forces 

affecting  the  relative  motion,  such  as   are,  in  fact,  present  owing   to  the 

internal  friction  of  the  substance.     The  instability  might,  indeed,  take  time 

to  develop  itself,  but  the  result  would  be  inevitable.     The  fact  that  shafts 

can  be,  and  are,  safely  driven  at  speeds  exceeding  the  critical  limit  thus 

indicated*  must  be  ascribed  to.  the  operation  of  dissipative  forces  (so  far 

dgnored)  affecting  the  absolute  as  well  as  the  relative  vibrations.     The  seat  of 

such  forces  is  probably  to  be  found  in  a  yielding  of  the  bearings.     For  a 

jsimilar  reason  the  "  permanent "  instability  illustrated  by  the  experiments  of 

§§  2,  3  above  might  be  wholly  masked  if  the  resistance  of  the  air  were  very 

:3nuch  greater  than  it  actually  is,  or  if  the  whole  apparatus  were  immersed  in 

^a  viscous  liquid. 

♦  The  observed  "  whirling "  of  shafts  at  a  series  of  critical  speeds  is  due  to  a  want  of 
•Absolute  symmetry,  and  is  to  be  regarded  as  a  forced  oscillation  of  exaggerated  amplitude^ 
^due  to  approximate  synchronism.  (See  Dankerley,  *  Phil.  Tran&,'  A,  vol.  185,  1894 ; 
^Stodola,  '  Die  Dampfturbinen,'  Berlin,  1904,  p.  157.) 
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Prominence  and  Coronal  Structure. 

By  William  J.  S.  Lockyer,  M.A.,  Ph.D.,  F.R.A.S.,  Chief  Assistant,  Solar 
Physics  Observatory,  South  Kensington. 

(Communicated  by  Sir  Norman  Lockyer,  K.C.B.,  LL.D.,  Sc.D.,  F.RS.,  Directoi 
of  the  Solar  Physics  Observatory.      Received    December  2,    1907, — '. 
January  16,  1908.) 

[Plate  3.] 

The  routine  work  with  the  spectroheliograph  of  the  Solar  Physics 
Observatory  since  the  year  1904  has  been  to  secure  daily,  if  possible,  not 
only  photographs  of  the  sun's  disc  in  the  *'  K  "  light  of  calcium,  but  also  of 
the  prominences  round  the  limb  at  the  same  wave-length. 

To  obtain  the  limb  photographs,  much  longer  times  of  exposure  are 
necessary,  so  that,  in  consequence  of  unfavourable  weather  conditions,  the 
number  obtained  is  not  so  great  as  that  in  the  case  of  discs. 

Many  and  varied  have  been  the  shapes  of  the  prominences  recorded,  and 
occasionally  some  have  indicated  a  pronounced  "arched"  or  "partially 
Arched  "  form,  as  shown  in  a  few  examples  here  brought  together  in  Plat«  3, 
figs.  1  to  6. 

All  tlie  photographs  on  this  plate,  including  figs.  7  and  8,  are  on  the  same 
scale,  and  I  am  indebted  to  Mr.  J.  P.  Wilkie,  the  photographer  to  tliis 
ol)servatory,  for  enlarging  tliem. 

It  was  not,  however,  until  July  17  of  the  present  year  that  a  photograph 
was  obtained  which  presented  a  magnificent  series  of  "  arches/'  "  envelopes," 
or  "  half  rings,"  as  tliey  may  be  termed.  This  photograph  was  secured  by 
Mr.  W.  Moss,  computer  in  tlie  observatory. 

The  disturbed  area  was  situated  near  the  south  pole  of  the  sun  in  the 
eastern  quadrant,  and  two  exposures  were  successfully  made,  the  first  at 
:3  h.  14  m.  P.M.,  G.M.T.,  and  the  second  at  3  li.  50  m.  p.m.,  G.M.T.  These 
pliotograi)hs  are  repro(Uiced  in  Plate  3,  figs.  7  and  8,  and  both  have  been 
enlarged  twice  from  tlie  original  negatives.  The  parallel  lighter  streaks 
in  each  of  the  reproductions  are  due  to  changes  in  the  clearness  of  the  sky 
as  the  original  pliotogra])lis  were  being  secured;  they  liave,  therefore,  no 
connection  with  the  prominence  images  recorded. 

In  the  first  photograph  (Plate  3,  fig.  7)  the  arches  are  clearly  visible  and 
complete,  but  in  the  second  (Plate  3,  fig.  8)  they  are  less  visible  and 
l>artially  broken  up,  in  spite  of  the  fact  that  the  second  photograph  had 
the  better  exposure.  How  long  the  arches  had  been  in  existence  previous 
to  the  time  of  securing  the  first  record  it  is,  of  course,  impossible  to  say, 
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but  the  second  photograph  clearly  shows   that  a  strikiDg  alteration  had 
taken  place. 

A  close  examination  and  measurement  of  the  first  photograph  gives  the 

following  results,  and  the  accompanying  sketch  (fig.  1)  is  here  presented. 


Fig.  1. — Diagram  to  illustrate  tlie  more  conspicuous  features  photographed  at  3  h.  14  m., 
July  17,  1907  (see  Plate  3,  tig.  7). 


This   sketch   has   been   made   by  enlarging   the   original   and  painting  the 
^markings  in  Chinese   white   to  render  them  more  apparent,  as  the  fainter 
*^etails  may  possibly  be  lost  in  the  reproduction  in  Plate  3,  fig.  7. 

The  most  conspicuous  feature  of  the  whole  of  this  disturbed  region  of  the 
«un  is  the  series  of  three  concentric  arches  numbered  1,  2,  and  3.    Their 
-^joncentric  nature  seems  to  suggest  that  they  were  produced  at  one  point  of 
^initial  disturbance,  and  then  moved  radially  outwards. 

The  distance  between  the  extremities  of  number  1  is  V'2  ;  number  2,  3''6  ; 
^9nd  of  number  3,  5'*8.  Their  heights  from  the  chromosphere  are  about 
Il''5,  2''9,  and  3''6  respectively.  It  will  be  noticed  that  the  intensity  of  the 
-scurches  along  their  lengths  is  not  uniform;  thus,  Arch  3  has  five  points 
^^)f  increased  intensity,  while  Arch  2  has  three  such  maximum  points.  The 
:%iean  width  of  the  matter  composing  the  arches  is  about  0''3  to  0''4. 

On  the  eastern  side  of  these  arches  there  is  another  distinct  semi-oval, 
^::iiumbered  4  in  the  sketch.  This  intersects  arches  numbers  3  and  2,  and 
-^t  the  point  of  crossing  3  a  more  intense  patch  is  indicated.  This  arch 
is  much  flatter  than  those  previously  mentioned,  and  measures  6''6  between 
^he  extremities  on  the  chromosphere,  and  has  a  height  of  2'-2.  The 
^^astem  base  of  arch  number  3  falls  nearly  midway  between  the  bases  of 
,Arch  4 

Turning  to  the  southern  side  of  Arch  3,  there  will  be  found  two  projections 
of  different  intensity,  marked  7  and  8,  which  seem  with  little  doubt  to  be 

N  2 
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associated  with  this  system  of  envelopes ;  their  curvature  indicates  this  very 
strongly.  These  projections  may  have  formed  the  stump  or,  perhaps,  a 
remnant  of  another  large  arch,  which  possibly  was  concentric  with  the 
envelopes  2  and  3,  but  which  was  too  faint  to  show  on  the  photograph, 
or  had  already,  perhaps,  disappeared.  Two  small  filaments  are  indicated  at 
positions  marked  9  and  10. 

The  enormous  extent  of  this  disturbance  on  the  solar  limb,  taken  as  a 
whole,  may  be  gathered  from  the  facts  that  the  extreme  photographed 
portions  of  it  were  separated  by  a  distance  of  12'7,  while  the  highest  part 
was  3'*6.  Converting  these  into  miles,  it  is  foimd  that  its  breadth  extended 
over  about  353,000  miles,  or  more  than  three-quarters  of  the  solar  radius, 
and  its  height  reached  about  101,600  miles. 

Attention  may  be  drawn  here  to  the  fact  that  there  is  apparently  no 
large  prominence  underlying  these  envelopes  which  may  have  given  rise 
to  them.  Whether  there  be  one  just  on  the  near  or  far  side  of  the  limb 
at  this  position  angle  cannot  be  stated,  but  no  trace  of  any  portion  can  be 
seen  in  the  original  negative. 

Examining  now  the  photograph  taken  at  3  h.  50  m.  p.m.  (Plate  3,  fig.  8), 
it  will  be  seen  that  considerable  changes  have  occurred.  Arch  number  3 
is  in  evidence  by  broken  portions  only,  and  may  not  show  in  the  reproduc- 
tion, and  these  correspond  approximately  with  those  of  greater  intensity  in 
the  sketch  (fig.  1).  All  these  portions  seem  to  have  risen  from  the  chromo- 
sphere, as  measurements  show  that  the  uppermost  part  is  4''4  instead  of  3'-6. 
Arches  numbers  2  and  1  are  difficult  to  trace,  but  remnants  of  them  go  to 
make  up  the  spiral  or  hook-like  form  in  their  positions.  The  upper  portion 
of  this  is  about  3''7,  which  is  again  further  from  the  chromosphere  than  it 
was  before  (2''9).  The  small  prominence  numbered  5  is  still  apparent,  but 
in  this  photograph  it  has  no  longer  arch  number  4  over  it,  but  only  a 
portion  of  it.  The  prominence  at  6  is  broader,  but  less  definite.  The 
prominences  7  and  8  are  still  about  the  same,  but  somewhat  fainter,  the 
filaments  9  and  10  have  disappeared,  and  a  small  prominence  close  to 
the  eastern  side  of  9  has  become  visible. 

So  far  as  I  am  aware  this  is  the  first  time  that  such  a  series  of  concentric 
envelopes  has  been  photographed  with  the  spectroheliograph.  This  indicates 
that  either  this  form  is  a  most  uncommon  feature  of  prominence  material,  or 
that  the  envelopes  very  seldom  appear  broadside-on  on  the  limb,  so  as  to 
display  the  arch  system  to  the  fullest  advantage. 

In  looking  up  the  literature  of  the  visual  observations  of  prominences 
made  by  means  of  the  spectroscope,  the  only  reference  approaching  to  an 
account  of  prominences  taking  a  ring  shape  is  that  given  by  Sir  Norman 
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Lockyer  in  his  volume  on  '  Solar  Physics.'*  There  he  narrates  his  observa- 
tion of  the  behaviour  of  the  F  line,  and  he  was  led  to  conclude  that  the 
character  of  the  prominence  action  he  was  watching  could  be  expressed  in 
these  terms : — 

"  They  were  really  in  this  case,  as  already  stated,  smoke  rings  thrown  up 
by  enormous  circumsolar  action." 

In  a  later  publicationf  he  suggested,  in  the  following  words,  that  the 
probable  origin  of  such  forms  might  be  violent  explosions : — 

"...  this  falling  material  is  dissociated  in  its  descent  before  or  when  it 
reaches  the  photosphere;  the  particles  which  descend  sparsely  and  gently 
will  be  vaporised  gently,  and  those  which  descend  violently  and  in  great 
masses  will  be  exploded  violently." 

Prior  to  1901  no  such  envelope  system,  so  far  as  can  be  found,  had  been 
photographed  or  even  observed  during  eclipses. 

In  the  eclipse  of  May  18  of  that  year,  Professor  Dyson  secured  some 
excellent  photographs  of  the  eclipsed  sun  from  his  observing  station  at  Pulo 
Aoer  Gavang,  on  the  west  coast  of  Sumatra.  In  his  description  of  these 
phot<^raphs,J  he  called  attention  to  the  following  feature : — 

"  A  very  remarkable  arch  in  the  corona  round  the  large  prominence  at 
position  angle  145°  (measuring  N.E.  S.W.).  Bound  this  prominence  three 
separate  arches  are  shown,  one  inside  the  other,  their  radii  being  V%  2'-4, 
and  3''7  respectively.  They  have  the  appearance  of  layers  of  cloud  over 
an  eruption." 

It  is  interesting  to  note  that  the  radii  here  stated  correspond  very  closely 
to  the  values  of  the  heights  of  the  arches  measured  on  the  spectroheliograph 
photograph,  namely,  1''5,  2'-9,  and  3'-6,  showing  that  the  two  phenomena 
are  of  about  the  same  order  of  magnitude. 

In  the  eclipse  of  1905,  arches  of  a  similar  nature  were  recorded,  as  will  be 
gathered  from  the  following  extracts : — 

Thus  the  Astronomer  Royal,  who  observed,  at  Sfax,  Tunisia,  stated : — § 

"  The  inner  corona  in  this  eclipse  seems  to  be  in  a  state  of  turmoil  (all  round 
the  sun's  limb),  corresponding  to  the  sun-spot  and  prominence  activity  of  the 
sun,  oval  rings  and  arched  structures  above  the  prominences  being  a  special 
feature  ....  The  very  bright  prominence  on  the  east  limb,  extending  over 
an  arc  of   more   than  30^,  associated  with  oval  rings  and  arches  in  the 
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*  *  Solar  Physics,'  p.  403,  1874. 

t  <  The  Chemistry  of  the  Sun,'  p.  412,  1887. 

t  *  Roy.  Soc.  Proc,'  vol.  69,  No.  464,  p.  244,  1902. 
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Describing  the  photographs  he  obtained  at  Vinaroz,  Spain,  during  the  same 
eclipse,  Father  Cortie,  S.J.,  wrote* : — 

"  The  lower  corona  in  the  neighbourhood  of  these  gix>up8  of  prominences  ia 
very  much  disturbed.  A  series  of  interlacing  rings  or  arches  surmounts  the 
group,  their  mean  height  being  very  nearly  3'.  The  general  appearance  is- 
that  of  rings  seen  more  or  less  edgewise,  intersected  by  dark  spaces.  There 
are  four  such  distinct  bright  edges,  almost  bright  rays,  from  P.A.  4-75°  to 
P.A.  +85**  over  the  three  tirst  prominences  of  the  group." 

At  Souk-Ahras,  in  Algeria,  the  expedition  from  the  Hamburg  Observatory, 
under  the  direction  of  Professor  E.  Schorr,  also  secured  a  series  of*  large- 
scale  photographs  of  the  corona  at  this  eclipse.  Professor  Schorr  alsc^ 
photographed!  these  cloud-like  envelopes,  as  will  be  gathered  from  th^ 
following  extract : — 

"  The  form  of  the  inner  corona  over  the  prominence  region  on  the  easts 
limb  shows  a  specially  interesting  appearance.  Three  to  four  oval  ring- 
shaped  cloud-like  envelopes  are  conspicuous,  which  are  situated  at  a  distance 
from  4'  to  6'  over  the  prominence  and  can  be  concluded  to  be  distinctly" 
connected  with  the  eruption  of  the  prominence.  This  is  the  first  instance  to* 
my  knowledge  in  which  such  an  influence  of  a  prominence  on  the  form  of^ 
the  corona  has  been  indicated." 

The  above  extracts  demonstrate  clearly  the  arch-like  forms  photographed 
and  indicate  the  close  association  of  these  forms  with  the  structure  of  the 
lower  corona  and  with  the  proximity  of  prominences. 

One  of  the  most  prominent  features  of  the  lower  portions  of  some  coronal 
streamers  is  that  they  are  made  up  of  groups  of  in-curving  structure,  or,  aa 
Eanyard  termed  them,  "  synclinal "  groups.  It  seems  very  probable,  therefore, 
that  we  have  in  these  "  envelope  "  forms  the  origin  of  this  particular  structure. 

Although  the  "envelopes"  have  been  associated  with  both  the  corona  and 
prominences  in  the  extracts  given  above,  no  statement  has  been  made  as  to 
whether  they  were  composed  of  coronal  or  prominence  material.  Such 
a  differentiation  is  not  easy  to  make  by  means  of  photographs  taken  with 
a  coronagraph,  because  the  images  which  fall  on  the  sensitive  plate  are  made 
up  of  integrated  light.  The  case  is  different  with  regard  to  photographs 
taken  with  objective  prism  cameras,  because  in  these  instruments  a  series  of 
monochromatic  images  is  recorded. 

With  the  object  of  trying  to  find  out  whether  these  envelopes  had  been 
secured  by  the  prismatic  cameras  in  the  eclipse  of  1905,  I  liave  closely 
examined    the    negatives   which   I    obtained  with   a  six-inch   three-prism 

*  *  Roy.  Irish  Acad.  Trans.,*  vol.  33,  section  A,  part  1,  p.  20. 

+  *  Mitteilungen  der  Hamburger  Sternwarte,*  No.  10,  Hamburg,  1905,  p.  29. 
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)ri8inatic  camera  at  Palma,  Majorca,  where  the  Solar  Physios  Observatory's 
ilclipse  Expedition  was  stationed. 

In  the  region  about  the  large  group  of  prominences  in  the  north-east 
[uadrant  no  trace  of  any  images  resembling  envelopes  could  be  found  in 
ither  the  "  H  "  or  "  K  "  radiations  of  calcium.  A  similar  examination  of 
he  green  coronal  ring  at  \  5303*7,  which  in  one  of  the  photographs  is  quite 
trong  all  round  the  moon,  fails  also  to  show  any  indication  of  these 
nvelopes.  Their  absence  may  possibly  be  due  either  to  the  small  intensity  of 
he  envelopes  themselves  or  to  the  shortness  of  the  time  available  for  exposure. 

The  fact  that  "  envelopes  "  similar  in  form  to  those  described  above  have 
low  been  photographed  in  the  "K"  light  of  calcium  by  means  of  the 
pectroheliograph  indicates  that  the  material  composing  those  recorded  at 
he  two  eclipses  contained  calcium,  like  the  prominences,  as  at  any  rate  one 
onstituent.  Fortunately,  the  spectrum  of  the  corona  has  no  line  at  the 
vave-length  of  "K,"  so  the  evidence  that  the  envelopes  are  composed  of 
)rorainence  matter  is  very  strong. 

It  may  be  stated,  in  conclusion,  that  we  have  now  another  link  in  the 
ihain  of  evidence  to  show  the  dependency  of  the  form  of  the  corona  on 
)rominence  activity,  and  this  strengthens  the  view  I  put  forward  in  1903,* 
vhich  was  that  the  different  forms  of  the  corona  seen  and  photographed 
luring  eclipses  depended  on  prominence  and  not  on  sun-spot  action. 

Addendum,  December  11,  1907. 
Since  the  above  paper  was  communicated  to  the  Society,  I  find  that 'an 
'arch"  over  a  prominence  was  photographed  during  the  eclipse  of  1898. 
[t  was  situated  over  the  flame-like  prominence  in  the  south-east  quadrant 
ind  was  photographed  at  Sahdol,  India,  with  the  Thompson  coronagraph  by 
ihe  Astronomer  Eoyal,  who  has  kindly  notified  me  of  the  fact. 

DESCKIPTION  OF  PLATE. 

Plate  3  illustrates  some  prominences  photographed  at  the  Solar  Physics  Observatory. 
Fio&  1 — 6  represent  some  "  arched  "  or  "  partially  arched  "  forms. 
Fios.  7  and  8  show  the  system  of  "  envelopes  "  recently  recorded. 
The  following  are  the  dates  and  times  when  each  of  the  prominences  were  photo- 
^phed  : — 

Fig.  1 1905,  Sept.    8,     12h.  llm.p.M. 

„     2 1907,  July  15,     10     30       A.M. 

„     3 1904,  July   14,     12       9       P.M. 

„     4 1904,  July   19,       3     52        „ 

„     6 1907,  July   17,      3     14        „ 

„     6 1904,  Sept.  21,     12      23        „ 

„     7 1907,  July    17,      3     14        „ 

„     8 1907,  July   17,      3     50        „ 


*  ( 
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Cailiode  Rays. 
By  the  Hon.  Charles  A.  Parsons,  C.B.,  F.E.S.,  and  Alan  A.  Campbell 

SWINTON. 

(Received  December  10,  1907,— Read  January  16,  1908.) 

The  objects  of  the  experiment  were  three-fold :  firstly,  to  ascertain  whether 
a  diamond  could  be  entirely  converted  into  coke  or  graphite  by  heating  in  a 
vacuum  by  cathode  rays ;  secondly,  in  the  event  of  this  being  found  prac- 
ticable, to  make  a  determination  by  Fury's  optical  pyrometer  of  the  tem- 
perature  at  which   the  conversion  takes  place  ;  thirdly,  to  endeavour   to 

ascertain  if,  during  the  conversion,  any 
gas  was  emitted  or  absorbed  by  the 
carbon. 

The  vacuum  tube  employed  is  shown 
in  the  illustration,  where  A  and  6  are 
the  two  aluminium  electrodes,  C  the 
diamond  and  D  an  air-tight  ground- 
glass  stopper  joint,  through  which  the 
diamonds  were  introduced.  Alternating 
current  was  employed,  each  of  A  and 
B  acting  as  cathode  and  anode  in  turn, 
while  their  concave  curvature  was  such 
as  to  accurately  focus  the  cathode  rays 
on  to  the  diamond.  The  latter  was 
supported  on  a  plate  of  iridium,  which, 
in  turn,  rested  in  a  platinum  cup,  this 
arrangement  being  designed  to  prevent 
any  stray  cathode  rays  which  miglit 
miss  the  diamond  from  striking  the 
glass  walls  of  the  tube  and  melting  the 
^     ^"'^      ^        ^  latter.      During   the   experiment    the 

'  '  '  ■  '      ""'         '    — '  "**'*  tube  was  connected   to  two   mercury 

pumps  of  tlic  Toepler  type,  and  in  connection  with  the  tube  there  were 
also  attached  two  spectrum  analysis  discharge  tubes  for  the  purpose  of 
collecting  and  examining  some  of  the  residual  gas  in  the  tube,  both  befoi-e 
and  after  the  conversion  of  tlie  diamond  into  coke. 

The  alternating  current  from  tlie  mains,  which  was  of  85  periods  per 
second,  was  passed  through  the  primary  of  a  10-inch  llhumkorff  coil,  with 
the  contact-breaker  and  condenser  disconnected,  with  an  adjustable  chokin^ 
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coil  in  series  in  the  primary  circuit,  so  that  the  secondary  voltage  could  be 
varied  from  about  5000  to  12,000  volts.  A  reflecting  milliampere-meter  was 
employed  to  read  the  current  through  the  tube,  while  the  volts  across  the 
tube's  terminals  were  measured  by  an  electrostatic  voltmeter. 

Two  diamonds,  each  about  0*2  inch  in  diameter,  were  experimented  with. 
The  first  was  entirely  converted  into  coke  without  difficulty,  while  in  the 
case  of  the  second  the  process  was  stopped  when  most  of  it  had  been  so 
converted,  the  residue  being  black  throughout  its  mass.  As  the  proper 
•degree  of  vacuum  was  reached  by  working  the  mercury  pumps,  and  as  the 
volts  were  raised,  the  diamond  in  each  case  became  red,  and  then  intensely 
white  hot,  till,  with  about  8000  volts  and  44  milliamperes  (352  watts) 
passing  through  the  tube,  the  diamond  began  to  throw  off  small  sparks.  On 
the  volts  being  increased  to  9600,  and  the  cunent  rising  to  45*5  milliamperes 
{436  watts),  the  sparks  thrown  off  became  more  numerous  and  the  diamond 
commenced  to  become  black.  Finally,  with  11,200  volts  and  48  milliamperes 
<537  watt«),  a  rapid  disintegration  of  the  diamond  took  place,  with  con- 
siderable increase  in  volume,  the  residue  having  much  the  appearance  and 
consistency  of  coke. 

The  temperature  of  the  diamond,  as  given  by  the  pyrometer  during  dis- 
integration, was  1890°  C. 

During  the  heating  up  of  the  diamond  and  of  the  tube,  large  amounts  of 
gas  were  driven  off,  and  had  to  be  pumped  out,  but  there  was  nothing  to 
indicate  that  any  of  this  gas  originated  from  the  diamond  rather  than  from 
the  metal  parts  and  glass  walls  of  the  tube.  Two  experiments  were  made, 
and  in  the  latter  there  was  distinct  indication  of  a  rise  in  vacuum  just 
About  the  time  of  the  conversion.  These  rises  in  vacuum  are,  however, 
not  unusual  in  tubes  in  which  there  is  highly  heated  metal,  and  it  was 
impossible  to  decide  whether  any  of  the  absorption  of  gas  took  place  in 
the  diamond. 

In  the  experiment  in  question,  one  of  the  spectrum  discharge  tubes  was 
sealed  off  just  before  the  conversion,  when  the  diamond  was  commencing  to 
blacken  on  the  surface,  while  the  otlier  was  sealed  off  after  the  diamond  had 
been  converted  into  coke.  These  two  tubes,  therefore,  respectively  contained 
samples  of  the  residual  gas  before  and  after  the  conversion.  Their  spectra 
have  been  photographed  alongside  of  one  another,  but  though  they  are  not 
altogether  the  same,  the  differences  do  not  appear  sufficiently  marked  to 
determine  with  exactitude  any  variation  in  the  nature  of  the  gases  present. 

The  experiments  were  arranged  and  carried  out  by  Mr.  Swinton  at  his 
laboratory  in  London. 
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(Communicated  by  Professor  J.  J.  Thomson,  F.R.S.     Seceived  and  Bead 

December  12,  1907.) 

Introduction, 

The  absorption  of  the  )8-rays  from  radio-active  substances  during  their 
passage  through  mattjir  has,  at  various  times,  attracted  a  considerable 
amount  of  attention  from  various  physicists.  Strutt,*  for  example,  made 
some  observations  on  the  absorption  of  the  )8-rays  from  radium  by  thin 
sheets  of  various  substances,  and,  later,  Eutherfordf  performed  similar 
experiments,  using  the  yS-rays  from  uranium.  Subsequently  the  present 
authorf  made  an  exhaustive  survey  of  the  subject  by  measuring  the  absorp- 
tion of  the  /S-rays  from  uranium  for  nearly  all  the  procurable  elements,  and 
numerous  compounds. 

The  results  obtained  may  be  briefly  summarised  as  follows  : — 

(i)  The  absorption  for  a  given  substance  may  be  represented  by  the 

equation 

I/Io  =  «-^^ 

where  lo  is  the  initial  intensity  of  the  )8-radiation,  I  the  intensity 

after   traversing  a   plate   of  material   of    thickness   d,  and  \   the 

coeflBcient  of  absorption  for  the  substance, 
(ii)  If  p  is  the  density  of  the  absorbing  substance,  then  for  the  chemical 

elements   \/p   is   a   periodic   function   of    the   atomic   weight,  the 

periods   corresponding   strictly  to   those  of    the  chemical   periodic 

classification, 
(iii)  The  value  of  the  ratio  \/p  is  an  additive  atomic  property,  depending 

only  on  the  nature  of  the  atom,  and  not  upon  its  state  of  chemical 

combination. 

The  methods  employed  in  all  the  above  experiments  were  substantially  the 
same.  A  uniform  layer  of  the  radio-active  substance  was  prepared,  and 
covered  with  a  sufficient  thickness  of  aluminium  foil  to  cut  off  completely  all 
the  a-radiation.  Sheets  of  the  different  substances  of  different  thicknesses 
were  then  placed  directly  over  the  plate  of  radio-active  material,  and  the 

♦  Strutt,  'Nature,'  vol.  61,  p.  539,  1900. 

t  Rutherford,  *  Radio-activity,'  p.  114,  1904. 

J  Crowther,  *Phil.  Mag.,'  October,  1906,  p.  379. 
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amount  by  which  the  ionisation  in  an  ionisation  chamber  placed  directly 
above  was  reduced  was  measured  in  some  suitable  way. 

The  incident  rays  thus  enter  the  absorbing  plate  over  an  entire  solid  angle 
of  180°  while  the  emergent  rays  are  measured  over  an  angle  which 
depended  upon  the  shape  and  position  of  the  ionisation  chamber,  but  which 
was  always  large.  In  the  experiments  of  Butherford  all  the  emergent  rays, 
over  the  whole  solid  angle  of  180°,  entered  the  ionisation  chamber.  In  those 
of  the  present  author  the  angle  included  amounted  to  about  90°.  The 
results  obtained  in  the  two  cases  were  practically  identical. 

This  method  may  be  correctly  said  to  measure  the  absorption  of  the 
/8-rays  by  the  absorbing  plate,  as  it  does  in  fact  measure  the  energy  lost  by 
the  stream  of  /9-corpuscles  in  passing  through  it,  under  the  conditions  of  the 
experiment,  assuming  that  the  ionisation  produced  is  a  measure  of  the  enei-gy 
of  the  rays.  If  the  rays  alter  appreciably  in  velocity  in  passing  through 
matter,  this  latter  assumption  is  not  correct,  as  the  ionising  power  of  the 
rays  depends  upon  their  velocity  as  well  as  upon  their  energy. 

Schmidt,*  however,  who  has  very  recently  made  some  direct  experiments 
upon  this  point,  was  unable  to  detect  any  alteration  in  the  velocity  of  the 
/3-rays  after  passing  through  a  thin  sheet  of  aluminium,  and  his  experiments 
are  supported  by  those  of  Lenard,  who  obtained  a  similar  result  for  cathode 
rays. 

In  addition  to  the  absorption  as  measured  by  these  methods,  there  is 
another  quantity  of  importance  in  the  theory  of  the  passage  of  )8-rays 
through  matter,  namely,  the  scattering  of  the  primary  beam  during  its 
passage  through  the  substance.  The  )9-corpu8cles  of  the  incident  beam, 
owing  to  their  high  velocity,  are  able  to  penetrate  the  atom,  and  will  thus 
come  into  collision  with  the  negative  electrons  contained  in  it.  At  each 
collision  the  moving  corpuscle  will  be  more  or  less  deflected  from  its  original 
path,  the  amount  depending  upon  its  velocity  and  its  distance  from  the 
deflecting  electron.  In  this  way,  an  incident  beam,  originally  parallel,  will 
become  scattered  or  diffused,  during  its  passage  through  matter.  Some  of 
the  incident  /8-corpuscles  may,  in  fact,  after  one  or  more  collisions,  be 
deflected  through  more  than  a  right  angle,  and,  emerging  again  on  the  side  of 
the  plate  at  which  they  entered,  make  their  appearance  as  return  radiation. 
The  scattering  may  be  defined  and  measured  as  follows : — 

Let  ABCD  (fig.  1)  be  a  narrow  parallel  pencil  of  )8-rays,  and  let 
I©  be  the  intensity  of  /8-radiation  crossing  the  section  CD  of  the  pencil 
parallel  to  the  beam.  Suppose,  now,  a  thin  sheet  of  the  absorbing  substance 
is  inserted  in  the  path  of  the  beam,  at  XY.     Owing  to  the  collisions  of  the 

*  *Phy8ik.  Zeit.,'  June  1,  1907. 
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/S'CorpuscIes  in  the  rays  with  the  corpuscles  in  the  absorbing  medium,  the 
rays  will  be  more  or  less  scattered  and  bent  away  from  their  original 
direction.    Let  I  represent  the  intensity  of   the  radiation  parallel  to  the 

original  beam  passing  through  the  same  area 
CD,  after  the  insertion  of  the  absorbing  plate 
at  XY.  Then  I/Io  will  afford  a  measure  of  the 
amount  of  scattering  undergone  by  the  incident 
beam  during  its  passage  through  the  absorbing 
plate. 

An  optical  analogy  may  make  the  idea  some- 
what clearer.  Suppose  ABCD  is  a  parallel 
beam  of  light,  and  a  plate  of  ground  glass  is 


inserted  at  XY  in  the  place  of  the  absorbing 
medium.  The  ground  glass  will  diffuse  or 
scatter  the  rays,  and  the  ratio  of  the  intensity  of  the  light  passing  through 
the  small  cross  section  CD  of  the  original  beam,  to  the  original  intensity 
of  the  beam  at  CD,  will  give  a  measure  of  the  amount  of  scattering  produced 
by  the  glass.  If,  however,  instead  of  measuring  the  amoimt  of  light  passing 
through  the  small  area  CD,  we  measured  the  total  amount  of  light  passing 
out  through  the  upper  face  of  the  ground-glass  plate,  we  should  get  a 
measure  of  the  amount  of  light  energy  absorbed  in  the  glass,  and  the  two 
results  would  be  in  general  very  different. 

The  former  corresponds  to  what  we  have  called  the  "  scattering "  of  the 
yS-rays,  the  latter  to  the  "  absorption." 

McClelland,*  using  the  y8-rays  from  radium,  has  very  recently  measured 
the  absorption  of  these  rays,  by  letting  a  nearly  parallel  beam  fall  upon 
a  metal  plate  at  normal  incidence  and  measuring  the  whole  amount  of 
radiation  which  emerges  on  the  further  side  of  the  plate.  The  results 
obtained  are  very  nearly  the  same  as  those  obtained  by  the  earlier  methods. 
As  the  whole  of  emergent  rays  were  measured,  this  method  also  measures 
the  absorption  and  not  the  scattering  of  the  rays. 

U.i2)eri)ne7ital, 

It  was  decided,  therefore,  to  undertake  a  series  of  measurements  on  the 
scattering  of  the  /8-rays  by  tlie  method  outlined  above.  It  is,  of  course, 
impossible  to  obtain  an  absolutely  parallel  beam  of  yS-rays.  If,  however,  the 
radio-active  material  forms  a  layer  at  AB  (fig.  1)  we  can,  by  limiting  the 
rays  by  a  metal  tube  ABXY,  sufficiently  thick-walled  to  be  impenetrable  to 
yS-rays,  obtain  an  approximation  to  our  theoretical  beam,  which  becomes 
*  McClelland,  '  Roy.  Dublin  Soc  Trans.,'  vol.  9,  part  IV,  1907. 
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more  nearlj  exact  as  we  increase  the  ratio  of  the  length  (AX)  to  the 
diameter  (XY).  In  the  actual  experiments  the  diameter  XY  was  rather 
less  than  0*5  cm.;  the  length  AX  was  3  cm.,  and  the  greatest  possible 
divergence  from  the  normal  was  thus  about  9°.  The  rays  emerging  from 
the  absorbing  plate  XY  were  limited  by  an  exactly  similar  tube,  so  that  the 
rays  emerged  from  the  plate  into  the  ionisation  chamber  over  exactly  the 
same  angle  as  that  at  which  the  primary  beam  fell  upon  the  plate. 

Uranium  was  chosen  as  the  source  of  /8-radiation.  The  intense  activity  of 
radium  would  have  rendered  it  extremely  useful  for  the  purposes  of  the 
present  experiments,  and  would  have  enabled  the  measurements  to  have 
been  made  with  the  greatest  ease.  Unfortunately,  the  )8-rays  from  radium 
are  extremely  complex,  consisting  of  rays  ranging  in  velocity  from  nearly 
the  velocity  of  light  to  less  than  one-tenth  of  that  amoimt.  As  the  absorp- 
tion varies  very  rapidly  with  the  velocity  of  the  rays,  it  becomes  a  matter  of 
great  difficulty,  and  much  uncertainty,  to  interpret  the  results  obtained  with 
such  a  heterogeneous  beam. 

Uranium,  on  the  other  hand,  gives  a  homogeneous  beam  of  yS-rays,  moving 
with  a  velocity,  according  to  the  measurements  of  Becquerel,  of  about 
1*6  X 10^^  cm.  per  second,  or  about  55  per  cent,  of  the  velocity  of  light. 
Thus  the  results  obtained  by  the  use  of  uranium  rays  correspond  to 
)8-corpuscles  moving  with  a  definite  speed,  and  are  therefore  theoretically 
much  more  simple  than  the  measurements  obtained  from  the  radium  rays. 

Unfortunately,  the  amount  of  radiation  given  off  by  uranium  is  by  no 
means  large,  and  the  experimental  difficulties  involved  in  its  use  were 
therefore  considerable.  The  theoretical  advantages  of  having  a  homogeneous 
beam  of  rays  are  so  great,  however,  that  it  was  decided  to  employ  uranium, 
and  to  overcome  the  smallness  of  the  effects  to  be  measured  by  increased 
experimental  care. 

The  amount  of  radiation  entering  the  ionisation  chamber  could  be 
increased  in  two  ways : — 

(1)  By  using  a  large  number  of  tubes  fastened  side  by  side,  to  limit  the 

beam,  instead  of  a  single  tube,  as  in  the  theory. 

(2)  By  using  uranium  X,  the  active  )8-ray  constituent  of  uranium,  as  the 

source  of  radiation.  In  ordinary  uranium  salts,  in  radio-active 
equilibrium,  a  very  large  proportion  of  the  )8-rays  emittedj  by  the 
uranium  X  are  absorbed  by  the  rest  of  the  uranium,  which,  as  it 
emits  only  a-radiation,  may  be  regarded  for  our  purposes  as  inactive. 
By  removing  this  inactive  material,  we  can  greatly  reduce  the  amount 
of  absorption  taking  place  in  the  radio-active  layer,  and  thus  largely 
increase  the  amount  of  radiation  which  leaves  it. 
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Both  these  methods  were  employed.     The  grid  (A,  A',  fig.  2)  was  coxi^^- 
structed  as  follows.    A  large  number  of  brass  tubes,  each  0*6  cm.  in  diamet>^^c 
and  6  cm.  long,  were  soldered  together  side  by  side,  to  form  a  bundle      ^oi 
parallel  tubes,  about  6  cm.  in  diameter.     This  bundle  was  then  sawn  in  ha^TZBf, 
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Fig.  2. 


at  right  angles  to  its  length,  thus  giving  two  exactly  similar  grids.  These 
were  then  mounted,  the  one  over  the  other,  as  shown  in  fig.  2,  in  exact 
register,  so  that  each  tube  in  the  upper  grid  was  an  exact  prolongation  of 
one  in  the  lower,  a  space  of  05  cm.  being  left  between  the  two  grids  for  the 
insertion  of  the  sheets  of  absorbing  material.     With  this  arrangement  the 
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lum  angle  at  which  the  rays  could  fall  upon  the  absorbing  substance, 
which  the  rays  could  leave  the  substance  and  enter  the  ionisation 
>er  above,  was  about  9**  with  the  normal.  As  a  measure  of  the 
Ities  of  making  measurements  by  this  method  it  may  be  mentioned 
he  insertion  of  these  grids  between  the  layer  of  radio-active  substance 
le  ionisation  chamber  cut  down  the  amount  of  radiation  entering  the 
to  less  than  5  per  cent,  of  its  original  value. 

ious  methods  were  tried  for  the  preparation  of  uranium  X  from  the 
mi  compound,  including  Levin's  method  of  boiling  a  solution  of 
im  nitrate  with  animal  charcoal,  and  incineratiog  the  latter  after 
ng  and  washing,  and  Schlundt  and  Moore's  method*  of  precipitating 
various  organic  solvents  by  means  of  ferric  hydrate.  The  method 
gave  the  most  satisfactory  results  in  my  hands  was  an  extension  of 
iginal  process  by  which  Sir  W.  Crookes  first  isolated  the  substance. 
3onsiderable  quantity  (about  \  lb.)  of  uranium  nitrate  crystals  was 
ired  in  ether,  in  a  stoppered  sepaj:ating  funnel,  and  the  solution  well 
n.  On  allowing  to  stand,  the  liquid  separates  into  two  layers,  a  lower 
us  layer  and  an  upper  ethereal  layer.  The  former  contains  a  verj' 
proportion  of  the  uranium  X,  and  is  carefully  run  off  into  a 
llising  dish.  About  20  c.c.  or  so  of  water  are  added  to  the  remaining 
^1  solution  and  well  shaken  up  with  it  to  ensure  complete  mixing, 
lixture  is  then  allowed  to  stand,  and  the  aqueous  solution  settles  to  the 
n  and  is  drawn  off  as  before.  This  process  was  repeated  a  third  time, 
lier  to  check  the  progress  of  the  separation,  each  successive  washing 
vaporated  down  and  its  /8-ray  activity  tested.  It  was  found  that  after 
extractions  with  water  the  uranium  nitrate  remaining  behind  in  the 
Mil  solution  was  practically  inactive  as  far  as  /8-radiation  was 
rned. 

5  three  aqueous  extracts  were  mixed  together  and  evaporated  down 
a  few  drops  of  nitric  acid  until  crystallisation  occurred.  These 
Js  were  redissolved  in  a  small  quantity  of  ether,  the  solution  obtained 
1  in  small  separating  funnel,  and  treated  in  exactly  the  same  way  as  the 
al  solution.  The  aqueous  extracts  were  again  evaporated  down  and 
itrate  converted  into  red  oxide  by  heating  over  a  bunsen  flame.  In 
ray  from  a  large  quantity  of  uranium  nitrate  there  was  finally  obtained 
grammes  of  substance  containing  nearly  the  whole  of  the  )8-ray  activity 
3  original  uranium  nitrate. 

3  powdered  oxide  was  spread  in  a  uniform  layer  over  the  bottom  of 
How  aluminium  tray  (R,  fig.  2)  the  exact  diameter  of  the  lower  grid, 
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and  covered  with  a  lid  of  aluminium  foil  0*07  mm.  thick,  in  order  to  exclude 
any  a-radiation.  By  repeating  the  process  the  uranium  X  might  have  been 
obtained  in  a  still  purer  fonn.  As,  however,  the  amount  of  oxide  after  the 
second  purification  was  only  just  sufficient  to  form  a  thin  uniform  layer  over 
the  bottom  of  the  aluminium  tray,  it  was  not  considered  desirable  to  carry 
the  process  any  further.  Even  when  increased  in  this  way  the  amount  of 
radiation  coming  through  the  two  grids  was  so  small  that  special  devices  had 
to  be  employed  to  measure  it  with  any  degree  of  accuracy. 

The  chief  difficulty  in  the  measurement  of  small  amounts  of  /9-radiation 
lies  not  so  much,  perhaps,  in  the  smallness  of  the  ionisation  produced,  as  in 
the  fact  that  this  ionisation  is  comparable  in  amount  with  the  spontaneous 
ionisation  in  the  ionisation  chamber  employed.  A  Wilson  inclined  electro- 
scope, when  carefully  adjusted,  is  an  extraordinarily  delicate  instrument  for 
the  detection  and  measurement  of  very  small  currents,  and  can  be  made 
sufficiently  sensitive  to  measure  the  spontaneous  ionisation  in  a  closed  vessel 
of,  say,  1  litre  capacity  to  within  a»few  per  cent,  with  ease.  However,  on 
making  such  measurements,  I  have  always  found  it  exceedingly  difficult  to 
get  consistent  results.  Successive  readings  will  often  differ  by  20  per  cent, 
or  even  more  in  smaller  vessels,  although  to  all  appearances  the  apparatus  is 
working  perfectly.  Whether  this  effect  is  really  due  to  actual  variations  in 
the  ionisation  within  the  chamber,  or  whether  it  is  due  to  some  irregularities 
in  the  working  of  the  apparatus  for  very  small  currents,  it  is  always  present. 
The  discrapancies  between  the  different  readings  become  less  and  less 
noticeable  as  the  spontaneous  ionisation  becomes  a  less  and  less  important 
part  of  the  whole.  When,  however,  as  in  the  present  experiments,  the 
spontaneous  ionisation  is  a  very  appreciable  fraction  of  the  total  ionisation 
to  be  measured,  they  are  a  source  of  considerable  difficulty  and  a  possible 
cause  of  error. 

It  was  decided,  therefore,  to  employ  a  compensation  method  of  measure- 
ment, and  the  result  was  most  satisfactory.     Not  only  was  greater  sensitive- 
ness attained,  but  the  above  trouble  was  almost  completely  eliminated.     The 
two  chamber   were    constructed    of    exactly   the    same    size,   shape,    and 
materials,  and  the  spontaneous  ionisation  in  the  two  was  very  nearly  th^ 
same.      Moreover,  the  small  difference  between  the  ionisation  in  the   two 
vessels  remained  practically  constant  (except  for  a  small  diurnal  variation^ 
studied  recently  by  Campbell  and  Wood,*  which  was  just  perceptible),  anA 
balances  could  be  obtained  with  accuracy  and  regularity. 

Campbellf  has  described  a  compensation  method  which  depends  upon  the 

♦  *Phil.  Mag.;  February,  1907. 
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variation  produced  in  the  current  through  a  vessel  containing  uranium  oxide, 
when  the  pressure  in  it  is  altered.  This  method  is  very  suitable,  when  used, 
as  by  Campbell,  for  the  measurement  of  small  variations  in  a  fairly  large 
ionisation  current.  It  is,  however,  only  sensitive  over  a  small  range.  It  was 
thus  unsuitable  for  the  present  experiment. 

The  principle  finally  adopted  was  as  follows.  A  layer  of  uranium  oxide 
was  formed,  about  2  mm.  in  thickness,  and  covered  with  sufficient  aluminium 
foil  to  cut  off  the  a-rays.  This  was  placed  beneath  a  shutter,  sufficiently 
thick  to  stop  all  the  ^-radiation.  The  amount  of  radiation  from  the  uranium 
layer  which  entered  an  ionisation  chamber  placed  above  could  be  regulated 
by  opening  or  closing  the  shutter  so  as  to  expose  a  greater  or  smaller  area  of 
the  radiating  layer.  This  method  was  found  to  be  not  only  easy  to  work, 
but  also  very  accurate.  It  may  be  worth  while,  therefore,  to  describe  the 
apparatus  more  fully.     It  is  shown  in  section  in  fig.  2. 

A,  A'  are  the  pair  of  grids  which  have  been  already  described.  The 
uranium  X  forms  a  thin  layer  over  the  bottom  of  the  shallow  aluminium 
tray  E,  K,  and  is  covered  with  a  lid  of  aluminium  foil,  to  cut  off  all  a-raysi. 
The  sheets  of  absorbing  substance  are  inserted  at  XY.  The  rays  pass 
upwards  through  A'  into  the  ionisation  chamber  B. 

B,  C  are  two  cylindrical  ionisation  chambers  of  exactly  the  same  size  and 
construction.  They  are  closed  at  the  bottom  with  thin  aluminium  foil.  The 
central  wire  electrodes  pass  out  through  earthed  guard  rings  g,  g,  from 
which  they  are  insulated  by  sulphur.  The  guard  rings  themselves  are 
insulated  from  the  rest  of  the  chamber,  which  is  kept  charged  to  a  suffi- 
ciently high  potential  to  produce  saturation  in  the  ionisation  current,  by 
ebonite  stoppers,  S,  S. 

C  is  the  ionisation  chamber  of  the  compensator ;  the  shutter  arrangement 
is  shown  below. 

N  is  the  shutter  itself,  constructed  of  brass  of  sufficient  thickness  to  cut 
off  all  the  ^-rays  from  the  layer  of  uranium  oxide  placed  below.  This  layer 
was  contained  in  a  shallow  depression  7/1,  m,  2  mm.  deep,  in  a  brass  plate  f, 
and  covered  with  sufficient  aluminium  foil  to  cut  off  all  a-radiation.  Th^ 
shutter  n  could  be  moved  backwards  and  forwards  across  the  layer,  by  means 
of  the  screw  jL>.  The  screw  was  accurately  cut  with  a  ^-mm.  pitch,  and  the 
wheel  q  was  graduated  into  100  divisions.  Tiie  shutter  could  therefore  be 
set,  if  necessary,  to  1/ 200th  mm.  The  shutter  was  screwed  on  to  an 
insulating  ring  of  ebonite  t?,  ?;,  to  which  the  ionisation  chamber  C  was  also 
rigidly  attached  by  means  of  a  projecting  flange/. 

The  ionisation  in  C,  when  the  shutter  was  open  to  its  full  extent,  was 
many  times  the  maximum  ionisation  to  be  measured  in  B.     The  radiation 
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from  the  uranium  oxide  layer  m,  m  was  therefore  cut  down  by  aluminium 
screens,  until  the  radiation  in  C  was  equal  to  that  in  B,  when  the  shutter 
was  open  to  a  suitable  extent,  say  about  3  cm. 

The  compensator  was,  of  course,  carefully  calibrated,  by  measuring  the 
actual  rate  of  leak  through  the  chamber  C,  with  the  shutter  open  to  different 
amounts.  The  rate  of  leak  was,  in  fact,  found  to  be  very  nearly  proportional 
to  the  area  of  uranium  oxide  exposed. 

It  seemed  clear,  from  the  construction  of  the  compensator,  that  the  shape 
of  the  calibration  curve  would  depend  only  upon  the  arrangement  of  the 
shutter,  and  would  be  independent  of  the  radiating  power  of  the  layer  of 
uranium  oxide  below.  It  should  thus  have  the  same  shape,  whether  the 
layer  was  covered  by  only  thin  foil,  or  whether  it  was  screened  by  a  con- 
siderable thickness  of  aluminium.  This  was  found  experimentally  to  be  the 
case.  This  fact  added  greatly  to  the  accuracy  attainable  with  the  com- 
pensator, as  the  latter  could  thus  be  calibrated,  using  the  full  amount  of 
^-radiation  from  the  uranium  oxide  layer  (a  process  which,  on  account  of  the 
amount  of  ionisation  produced,  was  both  easy  and  accurate)  and  the 
radiation  could  then  be  screened  down  to  an  amount  suitable  for  the  purposes 
•of  the  exi^rimeut.  Had  it  been,  necessary  to  calibrate  the  compensator, 
imder  the  tictual  conditions  under  which  it  was  used,  those  same  difficulties 
-would  have  arisen  in  determining  the  calibration  curve  which  it  was  the 
•object  of  the  coniiHJusation  method  to  avoid. 

The  two  ionisation  chambers  were  kept  charged  to  equal,  and  opposite, 
potentials,  by  means  of  a  cabinet  of  email  storage  cells;  400  volts  were 
found  amply  sutUcient  to  produce  saturation. 

The  electrodes  of  the  two  ionisation  chambers  were  connected  to  the  same 
Wilson  electroscoiK)  E,  by  wires  dipping  into  a  metal  cup  containing  calcium 
chloride  solution,  connected  to  the  gold  leaf  system.  The  system  could  be 
earthed,  charged  to  any  retjuired  potential,  or  left  insulated  by  means  of  the 
key  k\  dipping  into  the  cup,  which  could  be  operated  from  a  distance. 
A  solution  of  calcium  chloride  has  l>een  found,  in  practice,  to  be  preferable 
t-o  mercury  in  electroscope  keys,  as  the  mercury  very  rapidly  becomes 
contaminated,  and,  when  not  perfectly  clean,  is  very  apt  to  cause  a 
slight  *'  kick,'*  or  displacement  of  the  gold  leaf,  on  breaking  contact. 
Calcium  chloride  solution  appeal's  to  be  quite  free  from  this  objectionable 
proiH^rty. 

The  electroscope,  of  the  ordinary  Wilson  inclined  type,  was  made  as 
sensitive  as  possible,  by  a  careful  adjustment  of  the  potential  of  the  plate, 
the  position  of  the  point  of  suspension  of  tlie  gold  leaf,  and  the  tilt  of  the 
instrument.     These  electroscopes  are  somewhat  ditlicult  to  adjust  to  sensi- 
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tiveness,  but  when  once  the  proper  adjustments  have  been  made,  they  form 
very  delicate  detectors  of  small  ionisation  currents.  The  particular  electro- 
scope used  in  these  experiments  gave  a  deflection  of  from  5  to  10  divisions 
for  1/50  volt.  The  capacity  of  the  electroscope  and  the  two  electrodes  was 
less  than  10  cm.,  and,  using  the  null  method,  a  movement  of  the  leaf  of 
one  division  in  10  minutes  could  be  easily  detected.  It  follows,  therefore, 
that  a  difference  in  the  currents  through  the  two  chambers  of  about 
5  X 10"^'  ampere  would  produce  a  noticeable  disturbance  in  the  balance. 
It  was  in  practice  possible  to  obtain  a  balance  between  the  two  chambers  to 
an  accuracy  of  about  1  or  2  per  cent,  except  in  the  case  of  the  thicker 
sheets,  where  the  radiation  was  very  much  reduced. 

The  method  of  making  an  observation  was  as  follows.  The  sheet  whose 
scattering  power  was  to  be  measured  was  placed  at  XY  between  the  grids, 
and  the  shutter  was  opened  out,  until,  when  the  system  was  insulated,  there 
was  no  appreciable  movement  of  the  gold  leaf  in  10  minutes.  The  ionisa- 
tions  in  the  two  chambers  are  then  equal  and  the  reading  of  the  shutter  is 
obtained  from  the  scale  r  and  the  graduated  wheel  q. 

The  sheet  was  then  removed  from  XY  and  a  balance  again  obtained. 
Finally,  a  thick  sheet  of  lead,  suflScient  to  stop  all  the  ^-rays,  wcw  placed  at 
XY  and  the  adjustment  again  made.  The  spontaneous  ionisation  in  B  was 
slightly  gi-eater  than  in  C,  and  hence  a  balance  could  be  obtained  by  slightly 
opening  the  shutter.  The  relative  amounts  of  ionisation  corresponding  to 
each  of  these  three  shutter  readings  could  then  be  read  off  on  the  calibration 
curve.  The  final  reading,  giving  the  small  excess  of  the  spontaneous 
ionisation  in  B  over  that  in  C,  was  subtracted  from  each  of  the  first  two 
readings.  The  i-esults  when  thus  corrected  gave  the  relative  amounts  of 
radiation  entering  the  chamber  B,  with  and  without  the  absorbing  sheet  at 
XY.  The  ratio  I/Iq,  where  I  is  the  intensity  of  radiation  entering  B  when 
the  absorbing  sheet  is  at  XY,  and  lo  the  intensity  of  radiation  when  there  is 
no  substance  between  the  grids,  is  plotted  against  the  thickness  of  the 
sheet.    The  curves  thus  obtained  are  given  in  fig.  3. 

Various  thicknesses  of  material  were  used  in  every  case.  It  was  found 
that  the  falling  off  in  the  intensity  of  the  radiation  was  much  more  rapid  in 
this  method  than  in  the  case  of  the  measurements  of  the  absorption.  In 
fact,  the  results  showed  that  the  scattering  of  the  incident  beam  was 
practically  complete  after  passing  through  a  thickness  of  about  1/10  mm.  of 
aluminium,  and  thus  very  thin  foil  had  to  be  used  for  the  measurements. 
The  number  of  substances  which  could  be  utilised,  therefore,  was  strictly 
limited. 

The  thickness  of  any  particular  sheet  of  the  material  was  determined  by 
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finding  the  weight  of  a  known  area  of  it.    The  thickness  is  then  given  by 
the  formula,  ^  ^  ^/^^^ 

where  w  is  the  weight  of  a  sheet  of  area  a,  and  p  is  the  density  of  thei 
substance.     In  this  way,  using  an  accurate  balance,  the  thickness  of  evei^^ 
the  thinnest  leaf  could  be  determined  with  considerable  accuracy. 
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It  was  thought  just  possible  that  the  shape  of  the  curves  obtained  mighlpf  -^ 
be  due  to  the  presence  in  the  uranium  rays  of  some  very  soft  radiation.^  ^ 
If  the  )8-rays  used  contained  any  considerable  quantity  of  very  soft  radiation,  -^- 
the  absorption  curve  would  very  much  resemble  the  curves  which  were-^^ 
actually  obtained.  It  would,  in  fact,  be  the  sum  of  two  exponential  curves, 
one  of  which  had  a  considerably  higher  index  than  the  otlier. 

If  this  was  tlie  cause,  however,  we  should  be  able  to  eliminate  the 
preliminary  rapid  decrease  by  placing  over  the  uranium  X,  but  underneath 
the  bottom  grid,  a  thickness  of  foil  sufficient  to  cut  off  all  the  softer  rays. 
We  can  see  from  the  curve  for  aluminium  that,  if  the  rapid  decrease  is  due 
to  the  presence  of  soft  rays,  these  rays  must  be  all  absorbed  in  a  thickness 
of  about  015  mm.  of  aluminium.  Accordingly  a  sheet  of  aluminium,. 
0*3  mm.  thick,  was  inserted  between  the  uranium  X  and  the  bottom  grid 
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and  the  experiments  repeated.  It  was  found  that  the  insertion  of  this 
thickness  of  aluminium  did  not  make  the  slightest  difference  to  the  results 
obtained.  The  curves  had  exactly  the  same  shape,  whether  the  aluminium 
plate  was  present  below  the  grid  or  not  It  is  thus  clear  that  the  results 
are  not  due  to  any  want  of  homogeneity  in  the  ^-radiation  employed. 

One  possible  source  of  error  has  yet  to  be  mentioned,  and  is  connected 
with  the  use  of  the  grida  The  ^-rays  which  come  from  the  radio-active 
layer  and  fall  upon  the  walls  of  the  tubes  of  which  the  grids  are  composed 
produce  a  certain  amount  of  secondary  radiation,  some  of  which  may  fall 
upon  the  plate  at  XY  at  a  greater  augle  than  that  of  the  primary  beam. 
This  would  tend  to  diffuse  the  beam  falling  upon  XT  and  thus  cause  a 
departure  from  the  simple  theory.  I  was  unable  to  discover  any  method  of 
eliminating  this  effect,  without  at  the  same  time  reducing  the  radiation  to 
such  an  extent  as  to  be  quite  unmeasurable.  The  effect  is,  however,  in  all 
probability  extremely  small.  The  total  return  radiation  from  a  plate 
exposed  to  uranium  ^S-rays  has  been  shown  by  the  author*  to  be  only  a  few 
per  cent,  of  the  primary  beam  for  copper,  of  which  the  tubes  were  made. 
From  the  nature  of  the  case,  only  a  small  fraction  of  this  can  fall  upon  the 
plate  at  XY  ;  while  a  large  proportion  of  the  secondary  radiation  which  does 
fall  upon  the  plate  does  so  at  an  angle  not  greater  than  that  of  the  primary 
beam.  The  effect,  therefore,  cannot  be  large.  It  was  thought  possible  also 
that  the  air  in  the  tubes  composing  the  grid  might  have  some  similar  effect 
in  scattering  the  incident  beam. 

In  order  to  investigate  these  effects,  a  second  pair  of  grids  was  constructed, 
as  different  as  possible  in  these  respects  from  the  original  grids.  In  order  to 
reduce  the  secondary  radiation  to  a  minimum,  aluminium  was  used  as  the 
material  of  the  grids.  Two  aluminium  plates,  each  0'6  cm.  thick,  were  fastened 
together  by  screws,  and  a  large  number  of  holes,  each  1*5  mm.  in  diameter, 
were  drilled  through  the  two  plates.  The  plates  were  then  separated  by 
about  3  mm.  to  allow  of  the  introduction  of  the  metal  sheets  between  them. 
In  this  way  the  total  length  of  the  grids  was  reduced  from  6*5  em.  in  the 
case  of  the  first  pair  to  1*5  cm.,  while  at  the  same  time  the  secondary 
radiation  from  the  walls  was  considerably  reduced  by  substituting  aluminium 
for  copper  as  the  material  of  the  grid.  The  angle  of  the  new  grid  was 
somewhat  greater  than  that  of  the  original,  amounting  to  about  14®. 

It  will  thus  be  seen  that  the  second  grids  differed  in  every  possible  way 
from  the  first.  The  results  obtained  with  the  second  grid  are  given  in 
Table  IV.  It  will  be  seen  that  they  agree  very  closely  with  the  results 
obtained  with  the  first  grids. 

♦  Crowther,  *PhiL  Mag.,'  October,  1906,  p.  391. 
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The  difference  between  the  two  sets  of  values  for  a-,  the  coeflScient  of 
scattering,  does  not  exceed  about  10  per  cent.  Considering  the  difficulties 
of  the  experiment,  and  the  fact  that  neither  of  the  grids  gives  a  truly 
parallel  pencil  of  rays,  the  agreement  is  quite  satisfactory. 

We  may  fairly  assume,  therefore,  that  the  results  obtained  are  not  due  to 
any  peculiarities  in  the  construction  or  materials  of  the  grid. 

Besults. 

Experiments  have  been  made  on  various  thicknesses  of  mica,  aluminium, 
copper,  silver,  and  gold.  It  was  foimd  that  in  order  to  obtain  the  desired 
measurements  it  was  necessary  to  use  very  thin  foil  or  leaf.  In  gold,  for 
example,  the  scattering  of  the  ^-rays  was  found  to  be  practically  complete 
after  passing  through  a  thickness  of  only  0*0002  cm.  The  number  of 
substances  which  could  be  investigated  was  therefore  very  limited.  Attempts 
were  made  to  obtain  sufficiently  thin  sheets  of  other  metals,  but  without 
success. 

The  results  obtained  are  plotted  in  fig.  3.  The  ordinates  give  the  values 
of  the  ratio  I/Io,  where  I  is  the  intensity  of  the  ^-radiation  entering  the 
ionisation  chamber  after  passing  through  a  thickness  d  of  material,  and 
lo  the  initial  intensity  of  the  radiation  in  the  absence  of  the  absorbing 
plate.  In  order  conveniently  to  represent  all  the  curves  on  the  same 
diagram,  the  abscissae  represent  not  the  thickness  d  directly,  but  the  cor- 
responding mass  per  unit  area,  of  the  absorbing  foil.  In  order  to  obtain  the 
thickness  d,  it  is  merely  necessary  to  divide  these  values  by  the  density  of 
the  particular  substance  to  which  they  refer.  The  curve  for  mica  is  not 
given,  as  it  is  almost  indistinguishable  from  the  curve  for  aluminium. 

All  the  curves  are  similar  in  type.  We  will  consider  the  curve  for 
aluminium  as  typical  of  the  rest. 

On  looking  at  the  curve  (fig.  3)  it  will  be  seen  that  it  consists  of  two 
portions.  In  the  first  part,  the  curve  descends  very  steeply,  showing  that 
the  amount  of  radiation  entering  the  ionisation  chamber  falls  off  at  first 
very  rapidly  as  the  thickness  of  the  foil  is  increased.  After  a  certain 
thickness  is  reached,  however,  this  effect  rapidly  dies  away,  and  the  curve 
finally  assumes  a  much  more  gentle  slope. 

It  can  easily  be  shown,  by  plotting  the  logarithm  of  the  ratio  I/I©  against 
the  corresponding  thickness  d,  that  the  final  portion  of  the  curve  is 
exponential  in  form  and  may  be  represented  by  the  equation 

I/Io  =  O-^, 
where  d  is  the  thickness  of  material  traversed  by  the  i8-rays,  and  C  and  X 
are  constants. 
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On  calculating  the  values  of  these  constants  for  the  curve,  it  is  found  that 

the  coeflScient  X  is  approximately  the  same  as  the  "  coeflBcient  of  absorption/" 

as  measured  by  the  earlier  methods.    It  seems  clear,  therefore,  that  this 

final  portion  of  the  curve  represents  a  true  absorption  of  the  energy  of  the 

rays. 

The  earlier,  and  much  steeper  portions  of  the  curve,  are  equally  clearly 
due  to  some  other  cause,  and  represent,  according  to  the  theory  of  this 
experiment,  the  "  scattering  *'  of  the  rays.  It  is  evident  from  the  shape  of 
the  curve  that  the  "  scattering  "  takes  place  in  a  much  less  thickness  of  foil 
than  the  absorption.  In  order  to  investigate  the  way  in  which  it  varies  with 
the  thickness,  it  is  necessary  to  correct  the  experimental  values  for  the  loss 
of  intensity  due  to  the  absorption  of  the  energy  of  the  rays  in  passing 
through  the  particular  thickness  of  foil  used. 

The  amount  of  this  absorption  can  easily  be  calculated  from  the  later 
exponential  portion  of  the  curve,  assuming  that  the  absorption  obeys  this 
exponential  law  for  the  thinner  sheets  also. 

The  scattering  effect  for  an  incident  pencil  of  rays  of  given  intensity  Iq, 
and  for  a  given  substance,  is  a  function  only  of  the  thickness  of  material 
passed  through  by  the  rays.  Thus  if  I'  is  the  intensity  of  the  transmitted 
beam  which  would  enter  the  ionisation  chamber  in  the  absence  of  any  loss 
due  to  absorption  of  energy,  and  considering  only  the  loss  due  to  the 
scattering,  we  should  have 

r  =  w(di 

where  f{d)  represents  some  function,  at  present  undetermined,  of  the 
thickness  d  of  material  passed  through  by  the  rays.  The  intensity  of  the 
transmitted  beam  V  in  the  absence  of  any  loss  due  to  scattering  of  the  rays, 
and  considering  only  the  absorption  of  energy,  is,  as  was  shown  above, 
represented  by  the  equation 

r  =  loe-^^. 

The  actual  experimental  curve  in  the  presence  of  both  scattering  and 
absorption  is,  therefore,  given  by  the  equation 

I/Io  =  c-^^./(rf), 

'Where  I  represents  the  intensity  of  the  beam  transmitted  through  the 
apparatus,  when  both  the  scattering  and  the  absorption  of  the  rays  are 
Considered. 

Thus  representing  the  experimental  value  of  I/Io  taken  from  the  curve 

by  y  we  have 

y  =  e-^y(d), 

or  f(d)  =  y/e-H  (1) 
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But  X  18  known,  from  the  final  exponential  portion  of  the  curve,  and  hence 
we  can  easily  find  the  values  of  «"^  for  any  given  value  of  d,  from  a  table 
of  exponentials.  Dividing  the  values  of  y  from  the  curve,  by  the  values  of 
the  exponential  so  obtained,  we  can  find  the  value  of  f(d)  for  different 
values  of  d. 

Table  I. — Aluminium. 


d. 

y- 

e-Arf. 

y/«-^. 

(y/e-Ad-C). 

logio(y/«-^-0). 

— 

cm. 
0-000 

1-00 

1-00 

1-00 

0-70 

1-84 

0-001 

0-786 

0-978 

0-80 

0-50 

1-70 

0-002 

0-666 

0-958 

0-68 

0-38 

1-68 

0-008 

0-661 

0-940 

0-60 

0-30 

1-47 

0  004 

0-406 

0-920 

0-54 

0-24 

1-86 

0-006 

0-460 

0-900 

0-60 

0-20 

1-29 

L 

0-006 

0-410 

0-881 

0-46 

0-16 

1-20 

i 

0-008 

0-860 

0-846 

0-41 

0-11 

1-04 

\ 

0-010 

0-803 

0-811 

0-87 

0-07 

2-85 

\ 

0-012 

0-270 

0-785 

0-34 

0-04 

\ 

0-016 

0-2.30 

0-780 

0-81 

0-01 

0-020 

0-200 

0-667 

0-30 

0-00 

0-022 

0-191 

0-630 

0-80 

0-00 

The  results  of  these  operations  are  given  in  full  in  Table  I  for  the  case  of 
aluminium;  the  value  of  X  for  aluminium,  as  obtained  from  the  last  portion 
of  the  curve,  being  21. 

The  first  column  gives  the  thickness  d  of  the  absorbing  foil  in  centimetres  ; 
the  second  cohunn  y  the  corresponding  experimental  values  of  I/Io.  The 
third  column  gives  the  values  of  e~^  for  the  thicknesses  d  given  in  the  first 
column,  X  being  the  coefficient  of  absorption  calculated  from  the  final 
portions  of  the  curve.  The  fourth  column  gives  the  values  of  yje'^,  and 
thus,  on  the  previous  theory,  shows  the  true  scattering  effect  of  the  foil, 
corrected  for  the  loss  (hie  to  the  absorption  of  the  rays. 

It  will  1)0  seen  that  the  value  of  the  ratio  I'/Io,  where  I'  has  the  same 
significance  as  ])efore,  diminishes  rapidly  at  first,  but  finally,  after  passing 
through  a  thickness  of  about  O'Olo  cm.,  becomes  constant  at  about  0'30,  and 
is  not  further  diminished  by  passing  through  additional  thicknesses  of  the 
foil.  The  scattering,  in  fact,  becomes  complete.  The  magnitude  of  this 
constant,  which  we  will  call  C,  has  no  theoretical  importance,  its  value 
depending  upon  the  construction  of  the  apparatus.  If  it  were  possible  to 
work  with  an  infinitely  narrow,  and  accurately  parallel,  pencil  of  ^S-rays,  the 
value  of  the  ratio  I'/Io  would  decrease  practically  to  zero.  Owing  to  the 
necessities  of  experiment,  the  construction  of  the  grid  allows  the  rays  to 
emerge  into  the  ionisation  cham])er,  over  a  finite  angle,  and  hence  a  finite, 
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ml  constant,  proportion  of  the  rays  enter  the  ionisation  chamber,  even  when 
he  scattering  is  complete.  The  larger  the  angle  over  which  the  rays  can 
merge  into  the  ionisation  chamber,  the  larger  will  be  the  value  of  C.  Thus 
a  the  case  of  the  aluminium  grids  the  value  of  C  is  nearly  twice  as  great  as 
a  the  case  of  the  first  grid  of  copper  tubes. 

In  order  to  obtain  an  approximate  idea  of  the  way  in  which  the  scattering 
rould  vary,  in  the  absence  of  the  disturbing  efifects  due  to  the  finite  angle  of 
16  grid,  we  may  subtract  the  constant  final  value  C  (which  gives  the 
itensity  of  the  radiation  which  would  enter  the  ionisation  chamber  when 
16  rays  are  completely  scattered,  in  the  absence  of  any  absorption  of  the 
lys)  from  each  of  the  values  of  yje'^  in  the  table. 

The  results  so  obtained  are  given  in  the  fifth  column  of  Table  L  If  the 
garithms  of  these  numbers  are  plotted  against  the  corresponding  thick- 
38868,  as  given  in  the  first  column  of  the  table,  the  resulting  curve  is  very 
)proximately  a  straight  line.  The  curves  thus  obtained  for  the  different 
ibstances  are  given  in  fig.  4.  It  will  be  seen  that  in  every  case  we  get 
)proximately  a  straight  line.  It  appears,  therefore,  that  the  scattering,  like 
le  absorption,  is  approximately  an  exponential  function  of  the  thickness, 
id  that  it  may  be  expressed  by  the  equation 

r/io  =  e--*, 

here  lo  is  the  initial  intensity  of  the  ^-radiation  passing  through  a  small 
ross  section  of  a  parallel  pencil  of  the  rays,  I'  is  the  intensity  of  the 
idiation  passing  through  the  same  small  cross  section,  when  a  sheet  of 
letal  of  thickness  d  is  interposed  in  the  path  of  the  beam  (corrections 
aving  been  made  for  the  diminution  in  the  radiation  due  to  the  absorption 
f  energy);  and  <r  is  a  constant  which  we  may,  by  analogy,  call  the 
coejfficieiit  of  scattering  "  of  the  rays  for  the  given  metal. 

The  departures  of  the  curve  from  the  exponential  are  possibly  somewhat 
reater  than  the  probable  errors  of  the  readings.  They  are,  however,  not 
reater  than  might  be  accounted  for  by  the  inevitable  departures  of  the 
pparatus  from  the  theoretical  form. 

Assuming  that  the  scattering  follows  this  exponential  law,  and  taking  the 
bsorption  into  account,  it  is  easy  to  show  that  the  experimental  curves 
lould  be  represented  by  the  equation 

y  =  I/Io  =  (l-C)e-<'+^)''-hCe-H  (2) 

or  we  have  from  the  above, 

-^hich,  since  y  =  1  where  d  =  0,  leads  directly  to  the  above  expression.  The 
alues  of  X  and  C  for  aluminium  have  already  been  obtained,  and  <r  can 
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readily  be  calculated  from  the  last  column  of  Table  1.  It  is  about  270.  By 
substituting  these  values  in  equation  2,  we  can  calculate  the  values  of 
I/Io  for  different  thicknesses  of  aluminium.    A  comparison  of  the  values  so 
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calculated,  with  the  actual  experimental  values,  is  given  in  Table  II,  and 
affords  a  test  of  the  accuracy  with  which  the  theory  fits  the  experimental 
results. 

It  will  be  seen  that  the  divergence  does  not  amount  at  most  to  more  than 
a  few  per  cent,  of  the  initial  radiation.  Considering  the  departures  of  the 
apparatus  from  the  theoretical  form,  and  the  difficulties  of  the  experiment, 
the  agreement  is  very  satisfactory. 

So  far  we  have  been  considering  the  case  of  aluminium.  The  curves  for 
the  other  substances  investigated  are,  however,  exactly  the  same  in  form, 
though  with  different  constants,  and  may  be  resolved  into  the  sum  of  two 
exponential  curves  in  exactly  the  same  way  as  the  curve  for  aluminium. 
It  will  not  be  necessary,  therefore,  to  describe  them  in  further  detail.    The 
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Table  II. — ^Aluminium. 


I/Io. 

Thioknesfl. 

Calculated. 

Obserred. 

cm. 

0  000 

1-00 

1-00 

0-001 

0-81 

0-79 

0  002 

0-69 

0-66 

0  003 

0-58 

0-66 

0-004 

0-51 

0-49 

0  006 

0-40 

0-41 

0-008 

0-86 

0-36 

0  010 

0-29 

0-30 

0  016 

0-23 

0*23 

0-020 

0-20 

0-20 

8  of  o",  X,  and  C,  for  the  different  substances  investigated  are  given  in 
III.     It  may  be  mentioned  that  the  agreement  in  all  cases  was  at 
as  good  as  in  that  of  aluminium. 

Table  III. 


Subetance. 

ff. 

A. 

C. 

Wp. 

ir/A. 

T^iniTi»n     .,,.,,,.... 

208 

283 

2385 

3320 

6100 

21 

21 

216 

260 

460 

0-30 
0-80 
0-40 
0*34 
0-22 

99 
100 
267 
313 
264 

12-8 
13-4 
11-1 
13-3 
11-1 

1    

jep 

jr  

I    

)le  III  gives  the  values  of  the  coefficients  <t  and  X  as  calculated  from 
[perimental  results ;  and  also  the  values  of  <r/p,  where  p  is  the  density 
le  absorbing  medium.  A  further  column  gives  the  value  of  <r/X.. 
1  be  seen  at  once  that  tr  is  much  greater  than  \  being  in  general  about 
nes  as  great,  the  ratio  being  very  nearly  the  same  for  all  substances. 
le  determinations  of  X  have  to  be  made  from  the  last  observations  on 
urve  where  the  radiation  is  very  much  reduced,  and  the  proportional 
imental  error,  therefore,  considerably  increased,  the  differences  do  not 
at  to  much  more  than  the  probable  error  of  experiment, 
this  case  we  should  expect  to  get  variations  in  the  value  of  ajp  with 
c  weight  similar  to  those  obtained  for  the  ratio  X/p,  that  is  to  say,  it 
1  be  a  periodic  function  of  the  atomic  weight.  Sufficient  elements 
not  been  measured  to  test  this  very  thoroughly.  It  may  be  pointed 
lat  copper,  silver,  and  gold,  which  belong  to  the  same  chemical  group, 
learly  the  same  value  for  the  ratio  trip. 
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Is  maj  be  noticed  in  passing  that  the  values  given  by  this  method  for  the 
ciMsl&eieiit  of  absorption  X  are  somewhat  higher  than  those  given  by  the 
airfner  methods.  It  was  shown  in  a  former  paper*  that  for  the  heavier 
f^haxuHkls,  such  as  silver  and  gold,  the  absorption  in  thin  sheets  was  greater 
ishAn  would  be  expected  from  the  final  exponential  value  calculated  from 
sfiaeete  d  greater  thickness.  As  the  foil  used  in  these  experiments  was  much 
(hinner  than  that  employed  in  the  previous  measurements,  it  seems  possible 
thdLS  had  it  been  possible  to  measure  thicker  sheets  by  the  present  method 
the  values  obtained  for  X  in  the  two  cases  might  have  been  more  nearly 

Table  IV. — Aluminium  Plate  Grids. 


1             Subftmnoe. 

1 

<r. 

\. 

0. 

Wx. 

1 

1       kluMkinium   

286 
4550 

18*5 
890- 

0-51 
0*44 

12-8 
117 

•      iVJJ              

U  will  be  noticed,  however,  that  the  values  obtained  for  X  with  the 
^Uuuinium  grid  are  distinctly  lower  than  those  obtained  when  the  copper 
i^iul  was  used.  It  seems  probable  therefore  that  at  any  rate  part  of  the 
UitVort^nce  is  due  to  the  different  arrangement  of  the  apparatus  in  the  two 
mM'ioH  of  experiments. 

Tlie  above  results  show  that  a  pencil  of  ^-rays  is  completely  scattered  in 
a  tliii'kness  of  matter  which  is  quite  small  compared  with  the  thickness 
iv(|uire(l  to  completely  absorb  them.  Thus,  taking  gold  as  an  example,  the 
rays  are  practically  completely  scattered  in  a  thickness  of  only  00002  cm. 
The  absorption  in  a  layer  of  this  thickness  only  amounts  to  about 
20  i^ev  cent,  of  the  initial  energy  of  the  rays.  It  seems  evident,  therefore, 
that  an  appreciable  portion  of  the  primary  ^-rays  must  emerge  again  on  the 
Hunie  side  of  the  foil  and  reappear  as  return  radiation.  It  seems  possible 
that  a  large  proportion,  if  not  tlie  whole,  of  the  return  yS-mdiation  (neglecting 
that  set  up  by  the  7-rays)  may  arise  from  this  effect,  and  may  thus 
consist  principally,  if  not  entirely,  of  scattered  primary  radiation.  The  fact 
that  the  return  radiation  from  a  metal  plate  hsLS  practically  the  same 
velocity  as  the  primary  rays  seems  to  lend  some  support  to  this  conjecture. 

While  it  may  thus  be  possible  to  explain  the  return  ^-radiation  from 
a  metal  plate,  on  the  hypothesis  that  it  is  due  to  the  scattering  of  the  primary 
rays,  it  does  not  appear  to  be  possible  to  explain  the  results  of  the  present  experi- 
ments on  the  theory  that  they  are  due  to  secondary  radiation.  McClelland, 
♦  Crowther,  *  Phil.  MaK-/  October,  1906. 
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i^ho  has  worked  out  the   theory  of  secondary  ^-radiation  very  completely 

in  various  recent  papers  in  the  *  Transactions  of  the  Royal  Society  of  Dublin/ 

has   shown  that  the  effect  of  secondary  radiation  would  be  to  produce  an 

increase  in  the  slope  of  the  curve  for  very  thin  sheets.     On  calculating  the 

£kinoant,  however,  it  is  at  once  seen  to  be  much  too  small  to  account  for  the 

i-esults  of  the  present  experiments.    Taking  the  case  of  lead,  which  gives  the 

largest  effect  of  any  of  the  metals,  and  plotting  the  logarithm  of  the  ratio 

I/Io  for  different  thicknesses,  McClelland  has  shown  that  the  effect  of  the 

secondary  radiation  would  be  to  cause  an  increase  in  the  slope  of  this  curve 

in  its  initial  portions  to  about  1*64  times  the  final  exponential  value  *     For 

aluminium  the  effect  of  the  secondary  radiation  would  be  considerably  less. 

In  the  present  experiments,  however,  the  slope  of  the  initial  portions  of  the 

logarithmic  curve  is  at  least  12  times  its  final  value.     We  must  consider, 

therefore,  that  the  present  results  are  mainly  due  to  the  scattering  of  the 

primary  ^-rays,  by  collisions  with  the  ^-corpuscles  in   the  atoms  of  the 

absorbing  plate,  and  not  to  secondary  radiation. 

In  conclusion,  we  may  mention  that  the  results  of  the  present  experiments 
remove  what  was  apparently  a  serious  discrepancy  between  the  absorption  of 
the  /8-rays  of  uranium  and  radio-active  materials  generally,  and  the  ^-rays 
constituting  the  cathode  stream. 

Beckerf  has  measured  the  absorption  for  various  gases  of  very  fast  cathode 

rays,  due  to  a  fall  of  potential  of  about  35,000  volts,  and  having  a  velocity, 

therefore,  of  about  10^®  cm.  per  second.    The  values  he  obtained  for  the 

x^atio  X/p,  where  X  is  the  coefficient  of  absorption  and  p  the  density,  ranged 

between  1000  and  3000.     The  values  obtained  for  the  same  ratio,  using 

"Cranium  ^-rays,  which   according  to   Becquerel  have  a  velocity  of  about 

X  -6  X  10^®  cm.  per  second,  ranged  from  about  4  to  10.     The  difference  is  thus 

^Considerably  more  than  can  be  accounted  for  by  the  mere  difference  in  velocity 

o^  the  rays  in  the  two  cjwes. 

The  "  absorption  "  of  the  cathode  rays  is  always  measured  by  finding  the 

^^ling   off  in   intensity  of   the   rays  crossing  a  small  fixed  area  (namely, 

tilie    aperture   of  the   Faraday  cylinder   used  in   the  measurements)  when 

Ararious  thicknesses  of  the  absorbing  substance  are  interposed  in  the  path 

of   the  beam,  the  original  beam  being  always  a  nearly  parallel  pencil  of 

i^ays.      It  will  thus  be   seen   that  what  is  actually  measured   in    these 

experiments  corresponds  not  to  the  "  absorption  "  of  the  ^S-rays,  but  to  the 

quantity  which  we  have  called  scattering. 

Comparing  the  results  of  Becker  for  the  cathode  rays  with  the  values 

♦  Mcaelland,  *  Roy.  Dublin  Soc.  Trans.,'  vol.  9,  part  IV,  p.  41,  1907. 
t    'Ann.  der  Phys.,'  vol.  17,  p.  381,  1905. 
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obtained  in  the  present  paper  for  <r,  the  coefiScient  of  scattering  of  the  ^-rays, 
the  apparent  discrepancy  is  at  once  removed.  It  can  be  shown  on  theoretical 
grounds*  that  the  scattering  should  vary  inversely  as  the  fourth  power  of 
the  velocity.  The  ^-rays  from  uranium  have  a  velocity  of  about  1*6  times 
that  of  the  cathode  rays  of  Becker.  Multiplying  the  results  obtained  for 
a-fp  in  the  present  experiments,  therefore,  by  (1*6)*,  to  allow  for  the 
diflference  on  velocity  of  the  two  kinds  of  rays,  we  obtain  results  varying 
between  650  and  2100.  These  numbers  agree  well  with  the  values,  ranging 
from  1000  to  3000,  obtained  by  Becker  for  the  cathode  rays. 

Summary. 

The  results  of  the  present  experiments  may  be  briefly  summarised  as 
follows : — 

(i)  A  parallel  pencil  of  ^-rays  is  scattered  in  its  passage  through  matter, 
the  scattering  being  practically  complete  after  the  rays  have 
traversed  a  thickness  of  material  which  varies  from  0015  cm.  for 
aluminium  to  00002  cm.  for  gold. 

(ii)^The  scattering,  after  correction  for  the  loss  of  energy,  due  to  the 
absorption  of  the  rays,  may  be  represented  by  an  equation  of  the 
form  I/Io  =  e"*^,  where  d  is  the  thickness  of  the  material  traversed 
by  the  rays,  and  a  is  the  coeflBcient  of  scattering  for  the  rays, 
lo  being  the  initial  intensity  of  a  narrow  parallel  pencil  of 
yS-radiation,  crossing  a  small  fixed  cross  section  of  the  pencil,  and 
1  the  intensity  crossing  the  same  cross  section,  when  a  thickness  d 
of  material  is  placed  in  the  path  of  the  beam  at  a  considerable 
distance  from  the  fixed  cross  section. 

(iii)  The  ratio  of  the  coefficient  of  scattering  <r  to  the  coefficient  of 
absorption  X  is  approximately  constant  for  all  the  substances 
measured,  its  average  value  being  about  13.  The  value  of  the 
ratio  a/p,  where  p  is  the  density,  shows  similar  variations  to  those 
for  \/p, 

in  conclusion,  I  wish  to  express  my  best  thanks  to  Professor  J.  J.  Thomson 
for  his  kindness  in  suggesting  to  me  the  subject  of  this  research,  and  for  his 
helpful  and  inspiring  interest  during  the  course  of  the  experiments. 

♦  See  J.  J.  Thomson,  *  Phil.  Mag.,'  vol.  11,  p.  781,  190(5. 
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The  Charges  on  Positive  and  Negative  Ions  in  Gases. 
By  John  S.  Townsend,  r.R.S.,  Wykeham  Professor  of  Physics,  Oxford. 

(Beceived  January  20, — Bead  January  23,  1908.) 

In  a  paper  on  the  Diffusion  of  Ions  in  Gsises,*  I  described  a  method  of 
comparing  the  charges  on  the  ions  generated  in  gases  with  the  charge  on  an 
.on  in  a  liquid  electrolyte.  If  N  be  the  number  of  molecules  in  a  cubic 
centimetre  of  a  gas  at  standard  pressure  and  temperature,  and  e  the  charge  on 
an  ion,  then  N  . «  =  3*10® .  U/K,  where  U  is  the  velocity  of  an  ion  in  a  field 
of  unit  electric  force  and  K  the  coefficient  of  diffusion.  Thus  from  separate 
determinations  of  the  quantities  U  and  K,  the  product  N .  e  can  be  obtained. 

If  E  is  the  charge  on  a  monovalent  ion  in  a  liquid  electrolyte, 
N .  E  =  1*23  X  10^®,  so  that  a  comparison  of  the  various  charges  may  be 
made,  and  the  calculations  have  shown  that  the  charge  on  a  positive  or 
n^ative  ion  in  a  gcw  is  nearly  equal  to  the  charge  E.  There  were,  however, 
considerable  discrepancies,  particularly  with  positive  ions,  which  gave  values 
of  N  .  e  as  great  cw  1*66  x  10^®  in  some  cases. 

Some  time  ago,  while  examining  these  investigations,  I  found  that,  by  a 
somewhat  different  method,  it  would  be  possible  to  arrange  an  experiment 
for  determining  N .  e  directly,  and  to  arrive  at  much  more  accurate  results 
than  have  been  obtained  hitherto. 

In  order  to  apply  the  principle,  it  is  necessary  to  have  the  ions  moving  in 
a  uniform  field,  and  to  find  experimentally  how  they  are  distributed  in  some 
particular  case.  For  this  purpose  two  horizontal  plates,  A  and  B,  were  set  at 
a  distance  h  apart,  and  circular  holes  of  the  same  radius  were  cut  in  the 
plates,  the  centres  of  the  circles  being  in  the  same  vertical  line.  A  grating 
G  of  very  fine  wire  was  laid  across  the  hole  in  the  upper  plate,  and  a  metal 
disc  D  on  an  insulating  support  was  fixed  in  the  aperture  of  the  lower 
plate,  leaving  a  small  air  space  between  the  disc  and  the  plate,  so  that  they 
should  be  insulated  from  each  other. 


A  DA 

♦  John  S.  Townsend,  *Phil.  Trana.,'  A,  1899,  voL  193. 
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The  plate  B  was  maintained  at  a  potential  V,  and  a  third  plate  C  above 
B  was  maintained  at  a  potential  V  greater  than  V  and  of  the  same  sign. 
The  lower  plate  and  the  disc  were  connected  alternately  to  a  sensitive 
electrometer,  and  during  the  course  of  an  experiment  their  potentials  did 
not  differ  appreciably  from  the  zero. 

The  ions  were  generated  in  the  air  space  between  B  and  C  by  Eontgen 
rays,  and  positive  or  negative  ions  were  driven  to  the  grating  according  as 
the  potential  of  C  was  positive  or  negative.  The  electric  force  being  in  the 
same  direction  above  and  below  the  grating,  some  of  the  ions  pass  through 
and  travel  under  a  constant  electric  force  Z  towards  the  central  disc  D. 
At  the  same  time  the  ions  diffuse  laterally,  so  that  some  arrive  on  the  disc 
and  some  on  the  plate.  The  greater  the  force  Z  the  less  time  there  will  be 
for  the  diffusion,'  so  the  proportion  of  the  total  number  that  arrive  at  the  disc 
increases  with  the  force  between  A  and  B. 

The  ratio  E  of  the  number  arriving  at  the  disc  to  the  total  number  was 
determined  accurately  with  the  aid  of  the  electrometer. 

The  mathematical  investigation  of  the  distribution  of  the  ions  between  the 
plates  A  and  B  can  easily  be  made  by  considering  the  equations  for  the 
variation  of  the  partial  pressure  p  of  the  ions.  The  three  equations  corre- 
sponding to  the  three  rectangular  axes  are  of  the  form 

where  n  is  the  number  of  ions  per  cubic  centimetre  (which  is  proportional 
to  p\  It  the  velocity  and  X  the  electric  force  along  the  axis  of  x. 

Differentiating  the  three  equations  and  substituting  in  the  equation  of 
continuity  for  the  steady  state, 

the  following  equation  for  p  is  obtained — 

(Pp     (Pp    d?p  _yrf7i__N.e.Z     dp 
d^y"     dy^     dz^"    "^di  V~~'di' 

where  P  is  the  pressure  due  to  760  mm.  of  mercury,  at  which  pressure  N  is 
reckoned. 

This  latter  equation  shows  that  p  at  any  point  is  a  function  of  (N .  e .  Z). 
The  constants  in  the  solution  jo=/(N.^.Z)  are  functions  of  the 
position   of   the  point  and  at   the   lower  plate,  where  s  =  A,  the  ratio  E 

may  be  obtained  by  integration.     Thus  E  =    ipdr  -r-     rpdr,  where  r  is  the 

Jo  Jo 

distance  from  the  centre  of  the  disc,  a  and  b  being  the  radii  of  the  disc  D 

and  the  plate  B  respectively. 
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Hence  R  =  (/>(N.«.Z). 

It  is  not  necessary  to  know  the  form  of  the  function  (f>  in  order  to  see  how 
to  compare  the  charge  on  a  positive  ion  with  that  on  a  negative  ion,  or  to 
compare  the  charges  on  ions  in  different  gases. 

Experiments  made  with  positive  and  negative  ions  for  the  same  intensity 
of  force  Z  gave  a  value  of  R  for  positive  ions  which  was  much  greater  than 
the  value  for  negative  ions.  This  shows  that  the  charge  on  a  positive  ion  is 
greater  than  the  charge  on  a  negative  ion.  The  same  value  of  R,  within 
1  per  cent.,  was  obtained  for  the  two  kinds  of  ions  when  the  force  used  with 

negative  ions  was  double  that  used  with  positive  ions. .  Letting  e  denote  the 

+ 

charge  on  a  positive  ion  and  e  the  charge  on  a  negative  ion,  then 

0(N.e.Z)  =  <^(N.«.2Z) 
+  - 

for  all  values  of  Z. 

Hence  the  charge  on  the  positive  ion  is  exactly  double  the  charge  on  the 
legative  ion.  This  shows  that  when  a  molecule  of  air  is  ionised  by 
Rontgen  rays,  one  positive  ion  and  two  negative  ions  are  produced,  the  charge 
)n  the  former  being  double  that  on  either  of  the  latter. 

In  order  to  find  the  absolute  value  of  N . «,  it  is  necessary  to  solve  the 
lifferential  equation  in  p.  An  exact  solution  can  easily  be  obtained  which 
latisfies  all  the  surface  conditions,  since  p  can  be  expanded  in  a  series  of 
Bessel's  functions.  The  distribution  being  symmetrical  round  the  axis  of  z 
oining  the  centre  of  the  grating  with  the  centre  of  the  disc,  the  differential 
equation  reduces  to  the  form — 

(p£,l  dp    (Pp  _  'N ,e.Z  dp 
dr^     T  dr     dz^  P       dz' 

vhei"e  r  is  the  distance  of  a  point  from  the  axis. 

Letting  P  =  9'  •  €""*^» 

he  equation  for  q  is 

o  that  2'  =  Jo  (^^), 

nd  p  •=  S/iJo  (Xr)  €"'*^ 

The  values  of  fi,  and  X  are  determined  from  the  surface  conditions  and  0^  is 
he  positive  root  of  the  equation 

Hence  J)  can  be  found  at  any  point  of  the  lower  plate,  where  «  =  A,  and 
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the  integrations     prdr  and  I  prdr  can  easily  be  obtained  from  the  known 

-0  Jo 

properties  of  Bessel's  functions.  The  connection  between  E  and  N .  e .  Z  was 
thus  found,  and  a  curve  was  drawn  to  show  the  values  of  R  for  a  series  of 
values  of  N .  c .  Z.  When  R  is  found  experimentally  the  corresponding  value 
of  N .  e .  Z  can  be  found  immediately  from  the  curve.  The  expression  for  R 
in  terms  of  N.e.Z  is  very  complicated  and  I  have  to  acknowledge  my 
indebtedness  to  Mr.  C.  K  Haselfoot  in  having  assisted  in  making  the 
necessary  calculations  from  the  tables  of  Bessers  functions. 

I  have  made  a  number  of  determinations  of  R  with  different  forces, 
pressures,  and  intensities  of  ionisation,  and  they  all  agree  in  giving  results 
in  accurate  accordance  with  the  theory.  The  values  found  for  "Se  are 
2'41  X 10^®  for  positive  ions  and  1-23  x  10^®  for  negative  ions.  Each  of  these 
numbers  represents  the  mean  result  of  several  different  experiments  in  which 
none  of  the  determinations  differ  from  the  mean  value  by  more  than 
4  or  5  per  cent.,  which  shows  that  considerable  accuracy  can  be  obtained  by 
this  method. 

When  the  value  of  NT .  e  is  deduced  by  the  first  method  which  I  gave,*  the 
numbers  corresponding  to  the  positive  ions  were  about  10  or  20  per  cent. 
higher  t.han  those  for  the  negative  ions.  Thus,  when  the  rates  of  diffusion 
are  compared  with  the  velocities  given  by  Zeleny,t  the  values  of  N.ex  10~^* 
for  positive  ions  in  air,  oxygen,  and  hydrogen  are  1*46,  1*63,  and  1*63,  and 
the  corresponding  numbers  for  the  negative  ions  were  1*31,  1*36,  1*25. 
These  numbers  taken  alone  would  not  justify  the  conclusion  that  the 
molecules  are  ionised  in  the  way  that  I  have  just  found,  but  a  little  con- 
sideration shows  that  the  relative  values  are  of  the  kind  that  should  be 
expected.  If  the  effect  of  recombination  be  considered,  it  will  be  seen  that 
a  positive  ion  would  rapidly  combine  with  a  negative  ion  when  the  charge 
on  the  former  is  2e,  as  the  force  between  them  is  2<^,  After  combining  with 
one  negative  ion,  the  force  between  the  positive  ion  and  another  negative 
ion  would  be  c^,  so  that  the  second  step  towards  complete  recombination 
would  not  proceed  so  rapidly  as  the  first.  The  result  of  this  would  be  that 
after  the  positive  and  negative  ions  have  been  in  the  gas  together  for  a 
short  time,  a  large  proportion  of  the  positive  ions  would  have  one-half  of 
their  original  charge. 

The  determinations  of  the  coefficients  of  diffusion  K  were  made  with  small 
ionisations  that  had  been  reduced  by  the  process  of  recombination,  and  from 
a  consideration  of   Zeleny's  method  of  finding  the  velocities  it  is  evident 

*  J.  S.  Townsend,  loc.  cit, 

t  *  Phil.  Trans.,'  A,  1900,  vol.  196. 
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that  recombination  must  have  been  going  on  in  his  experiments  also. 
Under  these  circumstances  the  numbers  obtained  for  N ,  e  by  the  first  method 
correspond  to  positive  ions,  of  which  some  have  a  charge  2e  and  others  a 
charge  e.  The  discrepancies  from  the  value  1*23  x  10^^  obtained  for  the 
negative  ions  are  not  greater  than  what  might  have  arisen  from  experimental 
errors. 

In  the  experiments  I  have  just  now  made  the  recombination  must  have 
been  negligible,  so  that  no  appreciable  number  of  the  positive  charges  could 
have  been  reduced  from  2e  to  e. 

A  full  description  of  the  experimental  methods  used  in  these  determina- 
tions will  be  given  in  a  future  paper,  when  the  experiments  which  are  in 
progress  with  different  gases  are  completed. 
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On  the  Generation  of  a  Luminovs  Glow  in  an  Exhausted  Receiver 
moving  near  an  Electrostatic  Field,  and  the  Action  of  a 
Magnetic  Field  on  the  Glow  so  produced. 

By  Frederick  John  Jervis-Smith,  M.A.  Oxon,  F.RS.,  University  Lecturer 
in  Practical  Mechanics  and  Experimental  Physics,  Oxford. 

(Received  January  20, — ^Read  January  30,  1908.) 

1.  In  1896*  I  found  that  bulbs  exhausted  as  a  Crookes  radiometer,  when 
bombarded  by  a  discharge  from  a  Tesla  inductor,  produced  X-rays,  and 
X-ray  photographs  of  the  hand  were  then  made,  using  only  exhausted  bulbs 
having  no  terminals.  The  bulbs  had  the  following  dimensions:  5  cm. 
diameter,  stem  12  cm.  long,  0*4  cm.  diameter. 

I  had  from  time  to  time  noticed  that  when  any  of  the  exhausted  bulbs 
were  rubbed  on  the  palm  of  the  hand,  they  became  luminous  for  a  brief 
period  while  they  were  being  rubbed 

In  December,  1907,  I  returned  to  the  subject,  using  these  same  exhausted 
bulbs  in  connection  with  certain  apparatus  in  which  plates  of  sulphur  were 
•employed  as  insulators.  Happening  to  move  an  exhausted  bulb  near  a 
sulphur  plate  in  the  dark,  I  noticed  that  it  glowed  for  an  instant.  It  then 
became  evident  that  an  exhausted  vessel,  moving  in  an  electrostatic  field, 
itself  became  electrified  and  consequently  glowed. 

2.  An  exhausted  bulb  was  mounted  by  its  stem  in  a  hollow  mandrel 
running  in  a  bearing ;  it  was  rotated  by  means  of  a  pulley,  driven  by  a  cord 
connecting  it  to  a  small  motor.  Under  the  bulb  a  plate  of  sulphur  was 
placed  in  the  horizontal  plane  at  distances  varying  between  1  cm.  and  13  cm. 
The  glow  was  apparent  at  13  cm. 

3.  The  bulb  was  rotated  about  20  times  per  second.  The  sulphur  was 
rubbed  on  the  liand  before  being  placed  below  the  bulb.  When  the  bulb 
was  rotated  it  became  instantly  filled  with  a  luminous  glow,  with  a  patch 
of  greenish  light  brighter  than  the  rest  of  the  glow  situated  about  90°  from 
the  vertical.  When  rotation  was  reversed,  the  patch  appeared  on  the 
opposite  side  of  the  bulb,  also  about  90°  from  the  vertical. 

4.  In  the  next  experiment  the  statically  charged  body  placed  under  the 
rotating  bulb  consisted  of  a  brass  disc  supported  on  an  insulated  stem. 
The  disc  was  connected  to  an  electroscope,  and  charged  to  1200  volts.  The 
bulb  was  rotated  as  before ;  the  charged  disc  remained  charged  during  the 

♦  *  Nature,'  vol.  64,  p.  594. 
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experiment,  which  lasted  about  six  minutes,  and  showed  no  signs  of  being 
discharged. 

5.  An  electrostatic  field  of  opposite  sign  was  maintained  on  two  opposite 
sides  of  the  bulb ;  the  glow  throughout  the  bulb  was  considerably  increased, 
but  when  two  similarly  charged  discs  were  placed  at  equal  distances  on  the 
opposite  sides  of  the  bulb,  the  glow  ceased,  and  when  one  was  charged  to  a 
higher  potential  than  the  other  the  glow  again  appeared,  apparently  due 
to  the  difterence  of  charge  of  the  two  discs. 

6.  Touching  the  rotating  bulb  lightly  with  a  finger  did  not  aflfect  the 
appearance  of  the  glow  in  any  perceptible  way. 

7.  The  bulb  was  rotated  in  the  electrostatic  field  due  to  the  disc  of 
sulphur  which  had  been  rubbed  on  the  hand,  placed  above  the  bulb  in  the 
horizontal  plane,  and  below  the  bulb  an  insulated  metal  disc  was  placed 
<;onnected  to  the  electroscope ;  no  transfer  of  electricity  to  the  disc  was 
:5ndicated. 

8.  A  disc  of  sulphur  (10  cm.  diameter)  was  mounted  on  a  face  plate  of 

^KTood  rotated  by  a  mandrel  (running  in  ball  bearings)  as  in  a  lathe  ;  the  disc 

^Df  sulphur  was  rubbed  so  as  to  establish  an  electrostatic  field.     When  it 

"^^as  rotated    near  an  exhausted   bulb   or  exhausted    tube,  no    glow  was 

;^roduced. 

9.  The  sulphur  disc,  while  rotating  if  used  as  the  inductor  of  an  electro- 
;^horus,  acted  in  exactly  the  same  manner  as  if  at  rest.  The  disc  was  rotated 
:**roin  one  revolution  per  second  up  to  20  revolutions  per  second. 

10.  Five  bulbs  were  prepared  and  rotated  in  an  electrostatic  field  of 
^3onstant  strength.  Some  were  exhausted  to  the  same  condition  of  vacuum 
^^8  the  radiometer  of  Crookes ;  some  to  the  condition  of  a  Kontgen  X-ray 
ifcube.  The  glow  in  those  exhausted  to  the  Eontgen  vacuum  was  far  brighter 
"^han  that  in  those  not  so  exhausted. 

11.  The  electroscope  used  to  measure  the  P.D.  of  the  charges  was  designed 
^y  Professor  Townsend,  F.R.S.,  of  Oxford;  it  is  calibrated  so  that  each 
^iSivision  of  the  scale  indicates  100  volts.  It  is  capable  of  keeping  its  charge 
:^or  many  days.* 

12.  The  experiments  show  that  when  an  exhausted  glass  vessel  is  rotated 
in  an  electrostatic  field  an  electrical  glow  is  created,  the  intensity  of  which 
varies  in  some  way  with  the  velocity  of  rotation,  while  the  position  of 
xnaximum  glow  changes  its  position  with  the  direction  of  rotation. 

13.  Since  the  bulbs  were  exhausted  by  means  of  a  mercury  pump  (used 
by  the  manufacturer  of  Eontgen  tubes),  there  may  possibly  be  a  very  thin 
coating  of  mercury  on  the  inner  wall  of  the  bulbs.    An  exceedingly  minute 

♦  *  Nature,'  vol.  77,  p.  149,  "  Sulphur  as  an  Insulator,"  by  F.  J.  J.-S. 
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coating  of  mercury  on  vessels  exhausted  by  the  mercury  pump  has  recently 
been  suggested  as  the  cause  of  the  change  of  conductivity  of  selenium  when 
placed  in  a  vessel  exhausted  by  a  mercury  pump.* 

The  Action  of  a  Magnetic  Field  on  the  Hadiant  Glow  in  an  Exhausted  Vessel 
rotated  in  an  Electrostatic  Field. 

Considering  the  conditions  subject  to  which  the  glow  is  generated  it  seemed 
probable  that  it  would  be  unidirectional  in  its  nature,  and  would  therefore  be 
acted  on  by  a  magnetic  field.    This  was  found  to  be  the  case. 

In  preliminary  experiments  on  this  point  a  permanent  magnet  was 
employed,  but,  for  convenience  of  reversal  of  the  poles,  it  was  replaced  by  an 
electromagnet  taken  from  a  Morse  instrument  by  Siemens  and  Halske.  The 
poles  of  the  electromagnet  were  placed  within  0*5  cm.  of  the  bulb,  in  several 
different  positions. 

The  conditions  of  the  experiment  were  varied  in  six  ways : — 

(1)  The  static  charge  was  either  positive  or  negative. 

(2)  The  rotation  of  the  bulb  was  either  in  the  clock-hands  sense  or  the 
reverse. 

(3)  The  magnetic  pole,  in  different  experiments,  was  north  or  south. 

Both  a  horseshoe  electromagnet  and  a  long  cylindrical  electromagnet  were 
used  in  the  different  experiments  :  the  current  of  electricity  used  to  energise 
the  electromagnet  was  supplied  from  accumulators,  a  reversing  key  being 
placed  in  the  circuit. 

Effect  of  two  magnetic  poles  on  the  glow.  (Fig.  1.)  D,  disc  giving  the 
electrostatic  field,  charged  inductively  by  means  of  a  disc  of  sulphur  rubbed 
on  the  dry  hand. 

Kotation  of  the  bulb,  clock-hands  sense,  to  an  eye  at  A.  Eevolutions 
20  per  second. 

No  current  on  electromagnet.     A  greenish-blue  glow  filled  the  bulb. 

Electromagnet  on,  the  glow  took  the  form  of  an  equatorial  bright  band, 
brightest  between  the  poles  of  the  electromagnet,  where  its  shape  was 
modified  as  shown. 

Fig.  2. — Bulb  exposed  to  south  pole.  Charge  on  D  as  in  Fig.  1.  Rotation, 
clock-hands  sense.  The  glow  filled  a  hemisphere  of  the  bulb  P  with  an 
equatorial  band  a  little  more  brilliant  than  the  rest  of  the  hemisphere. 

Fig.  3. — Bulb  exposed  to  south  pole.  Rotation  contrary  to  clock-hands. 
The  glow  filled  a  hemisphere  of  the  bulb  Q  with  equatorial  band  a  little 
more  brilliant  than  the  rest  of  the  hemisphere. 

If,  while  the  charge  on  D  and  the  rotation  of  the  bulb  are  kept  the  same, 
♦  *  Nature,'  vol.  77,  p.  222. 
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^e  magnetic  pole  is  changed,  the  glow  phenomenon  is  reversed.  Also  when 
^e  charge  on  D  and  the  magnetic  pole  are  kept  the  same,  hut  the  sense  of 
Station  is  reversed,  the  glow  phenomenon  is  reversed. 
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14.  The  experiments  in  which  one  pole  of  the  horseshoe  magnet  was* 
employed  were  all  repeated  with  an  electromagnet  of  cylindrical  form,  8C>^ 
that  only  one  pole  was  near  the  bulb. 

Fig.  4. — The  electrostatic  field  was  maintained  by  a  brass  disc  D  charged 
by  induction  from  rubbed  sulphur.  The  views  of  the  apparatus  anA. 
phenomena  are  as  seen  by  an  eye  above  looking  vertically  down  on  them. 

The  axis  of  the  electromagnet  was  placed  in  the  horizontal  plane  througl^ 
the  centre  of  the  bulb,  at  45°  from  the  axis  of  rotation  of  the  bulb.  Glow^ 
in  hemisphere  G.  Eeversal  of  the  magnetic  pole  deflected  the  glow  to  th^ 
opposite  hemisphere.     Rotation,  clock-hands  sense. 

Fig.  5. — The  axis  of  the  electromagnet  was  in  the  axis  of  rotation  of  th^= 

bulb.     Magnetic  pole  south.      Glow  G  in  hemisphere  nearest  to  the  disc 

This  was  exactly  reversed  when  the  north  pole  was  used. 

Fig.  6. — E,  a  sulphur  disc  which  had  been  rubbed,  was  used  to  madntain  the=^ 
electit)Btatic  field.  Glow  at  G,  away  from  sulphur  disc.  Magnet  pole  south.  — 
The  glow  illuminated  the  opposite  hemisphere  when  the  north  pole  was — 
presented  to  the  bulb. 

In  efiu^h  case  the  glow  is  most  brilliant  in  a  region  the  mid-point  of  which 
is  about  90°  from  the  axis  of  the  electromagnet 

Shifting  the  pole  of  the  electromagnet  shifts  the  equatorial  plane 
separating  the  dark  and  glow-filled  hemispheres. 

15.  A  summary  of  the  relationship  which  exists  between  the  direction  of 
rotation  of  the  bulb,  the  charge  of  the  inductor  D,  and  the  name  of  the 
magnetic  pole,  may  be  stated  thus. 

When  the  rotation  of  the  bulb  is  in  the  clock-hands  sense,  to  an  eye 
looking  along  XO,  the  charge  on  the  inductor  positive,  the  magnet  pole  south, 
the  deflection  of  the  glow  is  to  the  right  of  the  south  pole  as  shown  in  fig.  7. 
B,  bulb  with  axis  of  stem  lying  in  OX,  magnet  pole  south,  Vp  direction  of 
deflection  of  glow  matter.  If  any  one  of  the  conditions,  namely,  sense  of 
rotation,  sign  of  charge  on  the  inductor  or  magnet  pole,  be  reversed,  while 
the  other  two  remain  unchanged,  the  deflection  of  the  glow  is  reversed. 

16.  Experiments  have  been  made  and  are  now  being  continued  with  a  view 
to  discover  whether  the  glow  will  affect  a  photographic  plate.  When  placed 
in  a  liglU-tiglit  case,  only  very  sliglit  traces  of  this  action  have  as  yet  been 
found  by  me. 

17.  In  order  that  the  phenomena  might  be  seen  under  any  climatic 
conditions,  the  whole  of  the  induetional  apparatus  was  enclosed  in  a  box 
having  a  glass  lid,  fitted  with  an  air-tight  rubber  joint,  the  interior  being 
kept  dry  with  sulphuric  acid. 

The  discs  were  charged  from  the  outside  of  the  box  by  means  of  conductors 
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led  into  it  through  sulphur  plugs.    The  phenomena  could  then  be  observed 
for  any  required  time. 

18.  Many  forms  of  exhausted  vessels  were  employed ;  of  these  an  exhausted 
ring  (10  cm.  diameter,  made  from  tube  having  an  internal  bore  of  1  cm.) 


revolving  about  a  diameter,  in   an   electrostatic   field,  gives  a  good  and 
beautiful  glow. 

19.  In  conclusion,  I  wish  to  oflTer  my  best  thanks  to  the  President  of  the 
Royal  Society  for  comments  on  the  phenomena  described  in  this  paper. 

The  diagiams  for  the  paper  were  prepared  by  Mr.  E.  J.  Jervis- 
Smitb,  RF.A.,  who  has  assisted  me  in  carrying  out  the  experiments. 
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The  Spectrum  of  Magnesium  and  of  the  So-called  Magnesium 
Hydride^  as  obtained  hy  Spark  Discharges  under  Reduced 
Pressure. 

By  R  E.  Brooks,  B.Sc,  A.M.LE.E. 

(Communicated  by  Sir  William  Crookes,  F.RS.    Received  October  14,— Read 

December  12,  1907.) 

In  1878  Liveing  and  Dewar*  examined  the  spark  spectrum  of  magnesium 
in  an  atmosphere  of  hydrogen  and  noticed  a  bright  line  of  wave-length  about 
5210,  occasionally  accompanied  by  other  fine  lines  on  the  more  refrangible 
side.  In  later  papersf  they  remark  that  this  line  is  only  visible  in  hydrogen 
or  when  the  C  and  F  lines  are  also  visible,  and  describe  more  fully  the  "  two 
sets  of  flutings  and  a  pair  of  fainter  bands  *'  which  accompany  it,  and  which 
appear  to  have  been  independently  discovered  by  Ciamician.J  Liveing  and 
Dewar  inferred  that  some  compound  of  the  metal  and  hydrogen  was  formed, 
and  since  the  time  of  their  research  these  lines  and  flutings  have  been 
known  provisionally  as  the  "  hydride  "  spectrum. 

The  term  will  be  retained  for  convenience,  but  it  must  be  understood  that 
its  correctness  is  not  assumed. 

Numerous  researches  have  since  been  made  to  elucidate  the  relations 
between  the  arc  and  spark  spectra  of  magnesium,  partly  in  connection  with 
the  mechanism  of  electric  discharges  in  general  and  partly  on  account  of  the 
importance  of  the  line  4481  in  astrophysics  and  the  question  as  to  whether 
its  intensity  in  stellar  spectra  can  be  taken  as  a  criterion  of  temperatui-e.  Of 
especial  interest  are  the  observations  of  Crew,  Basquin  and  others  as  to  the 
effect  of  a  hydrogen  atmosphere  on  the  arc  spectrum  of  this  and  other  metals. 
The  results  obtained  cannot  be  briefly  summarised,  but  references  are 
appended  to  the  more  important  work  dealing  with  the  subject. 

Very  little  attention,  however,  appears  to  have  been  given  to  the  hydride 
spectrum,  which  is  a  highly  complex  system  of  bands  and  flutings  extending 
over  tlie  whole  range  of  the  visible  spectrum,  from  the  hydrogen  C  line  to 
the  magnesium  triplet  at  3830. 

The  writer's  experiments  were  suggested  by  phenomena  met  with  in  the 
course  of  a  research  on  the  spectra  produced  when  compound  bodies  are  used 
as  electrodes  in  vacuo.     The  discharge  vessel  was  usually  a  lamp  glass  fitted 

♦  *  Roy.  Soc.  Proc.,'  vol.  27,  p.  494. 
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X  *  Sitzber.  Akad.  Wissensch.,'  Wien,  1880,  p.  437 
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mth  rubber  stoppers  carrying  the  electrodes,  and  the  pressures  employed 
varied  from  atmospheric  to  1  or  2  mm.  of  mercury.  A  large  number  of 
observations,  extending  over  several  years,  were  made  in  different  gases  and 
with  different  kind^  of  dischai^e,  but  in  this  paper  only  the  results  obtained 
in  the  two  special  cases  of  alternating  currents  of  high  and  low  frequency 
vill  be  dealt  with. 

For  high  frequencies  a  spark  coil  was  shunted  with  two  large  Leyden  jars 
of  total  capacity  about  0*004  microfarad,  and  an  adjustable  spark  gap  was  put 
in  series  with  the  discharge  vessel  The  primary  current  was  from  10  to 
16  amperes  as  a  rule,  obtained  from  alternating  mains  at  frequency  50,  no 
contact  breaker  being  employed.  The  electrodes  usually  consisted  of  two 
long  spirals  made  from  single  strips  of  thin  commercial  magnesium  ribbon, 
enclosed  in  glass  jacketing  tubes  with  from  J  to  f  inch  projecting  at  the 
ends  and  about  ^  inch  a^jart;  this  form  being  adopted  because  a  simple 
device  enabled  them  to  be  fed  forwards  or  backwards  as  required  without 
impairing  the  vacuum.  Absolute  gas-tightness  was  of  course  impossible,  but 
the  rate  of  leakage  could  be  made  quite  small. 

At  a  pressure  of  from  J  to  J  inch  of  mercury  and  with  an  auxiliary  spark 
^pof  from  1/16  to  1/8  inch  in  length,  an  oscillatory  dischai^e  passes  through 
the  apparatus  whose  RM.S.  value  (as  read  on  a  hot  wire  ammeter)  is  about 
3  amperes,  which  implies  a  maximum  value  of  the  order  of  100  or  200  amperes. 
The  discharge  then  assumes  one  of  two  possible  forms  which  are  essentially 
the  same  in  all  gases  tiied.  If  the  electrodes  are  too  massive  or  too  far  apart, 
there  is  a  luminous  gas  column  between  them  and  they  are  surrounded  by 
green  ragged  haloes  which  do  not  tend  to  extend  into  the  gas  column.  This 
state  may  persist  indefinitely  without  any  marked  waste  of  the  electrodes  or 
deposit  on  the  walls  of  the  vessel,  and  the  spectmm  is  a  mixture  of  gaseous 
and  magnesium  lines.  In  the  case  of  hydrogen,  C  and  F  are  especially 
intense.  Increasing  the  pressure  to  3  or  4  inches  of  mercury  does  not  much 
Affect  the  metal  lines,  but  makes  the  four  chief  hydrogen  lines  very  broad 
And  diffuse  (the  C  line,  however,  often  being  much  sharper  than  the 
others). 

If  the  electrodes  are  not  too  massive,  i.e.,  if  they  are  the  single  spirals  of 
ribbon  already  mentioned,  this  dischai*ge  quickly  passes  into  a  new  and  more 
interesting  form.  The  green  glow  increases  in  size  and  brilliancy,  and 
hecomes  a  green  flame  enveloping  the  electrodes  and  bridging  across  the 
whole  distance  between  them,  under  favourable  conditions  completely 
replacing  the  gas  column.  The  magnesium  ions  have  become  the  carriers  of 
the  discharge,  and  the  arrangement  is  analogous  to  a  mercury  lamp  in  which 
the  mercury  is  replaced  by  magnesium.    This  state  is  perhaps  most  readily 


220      Mr.  E.  E.  Brooks.     7%e  Spectrum  of  Magnesiitm     [Oct.  14, 

obtained  in  hydrogen,  and  in  this  gas  the  phenomena  are  least  complicated 
by  secondary  actions.  At  the  instant  it  sets  in,  a  fine  black  deposit  of 
metallic  magnesium  begins  to  form  on  the  walls  of  the  vessel,  and  rapidly 
obscuring  the  view,  although  by  various  devices  observations  can  be  main- 
tained as  long  as  is  necessary.  Meanwhile,  the  thin  electrodes  waste  quite 
slowly  away,  neither  fusing  nor  softening,  and  a  slow  absorption  of  gas  goes 
on,  so  that  a  few  bubbles  must  be  admitted  now  and  then  in  order  to  keep 
the  vacuum  from  becoming  too  good  and  interfering  with  the  oscillations. 
This  will  be  called  the  "high-frequency  flame  discharge."  It  gives  a 
brilliant  spectrum  of  perfectly  definite  character,  which  can  be  recognised  at 
a  glance,  and  which  diflTers  in  many  respects  from  the  spark  spectrum 
at  ordinary  pressures,  and  also  from  the  normal  arc  spectrum,  but  bears  some 
resemblance  to  the  arc  spectrum  under  reduced  pressure,  as  described  by  other 
investigators.  , 

The  points  of  chief  importance  may  be  summarised  as  follows  (assuming 
at  first  hydrogen  to  be  present) : — 

(1)  A  good  magnesium  spectrum  is  obtained,  in  which  the  gas  lines^ 
are  not  obtrusive,  although  the  C  and  F  lines  are  sharp  and  strong  and  the 
tine  line  hydrogen  spectrum  more  or  less  visible  at  the  red  end.  The  metal 
line  4481  is  very  intense,  but  still  sharp  and  clear.  As  regards  the  fainter 
magnesium  lines,  one  at  3938  is  always  found  on  negatives  taken  with 
sufficient  exposure,  and  there  are  two  very  faint  lines  near  3895  and  3900, 
and  another  pair  near  3848  and  3853.  These  appear  to  correspond  to  some 
of  the  fainter  lines  of  the  spark  spectrum  at  ordinary  pressures  (excepting 
the  stronger  line  3938,  which  seems  to  be  only  mentioned  by  Fowler  and 
l*ayn).*  Two  other  faint  lines  at  3944  and  3961  may  be  due  to  aluminium 
;is  impurity.  (These  results  were  obtained  with  glass  prisms,  and  obser- 
vations have  not  as  yet  been  extended  into  the  ultra  violet.) 

(2)  In  hydrogen  the  hydride  spectrum  is  always  present  in  great  intensity. 
This  is,  in  fact,  the  most  convenient  method  of  obtaining  it.  It  is  usually 
present,  often  with  almost  equal  intensity,  in  the  case  of  other  gases,  unless 
very  special  precautions  are  taken  to  exclude  water  vapour,  but  disappears 
in  the  complete  absence  of  hydrogen  and  water  vapour. 

(3)  A  very  prominent  feature  is  the  presence  of  two  pairs  of  sharp  lines 
at  wave-lengths  approximately  4433*6,  44282,  4390,  4385,  the  moi-e 
refrangible  pair  being  slightly  the  stronger.  This  is  the  only  type  of 
discharge  which  gives  them  readily.  Three  of  these  lines  appear  to  have 
been  first  observed,  but  not  identified,  by  E.  A.  Porter.f 

*  *  Roy.  Soc.  Proc.,'  1903,  vol.  72,  p.  253. 
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Fowler  and  Payn*  observed  both  pairs  in  the  spectrum  of  the  magnesium 
Arc  in  an  air  vacuum,  and  concluded  that  they  were  really  enhanced  lines 
of  the  metal.  No  other  reference  to  them  has  been  found,  although  they  are 
visible  in  a  reproduction  of  the  magnesium  arc  spectrum  in  vcunu),  accom* 
panying  a  paper  by  J.  Barnes.t  As  these  lines  will  be  frequently  mentioned, 
it  will  be  convenient  to  term  them  the  "  F  and  P"  lines.  Their  frequency 
di£fcrence  is  about  27,  a  number  bearing  a  simple  relation  to  the  frequency 
differences  of  40*5  and  81,  which  hold  good  respectively  for  two  pairs  and 
three  pairs  of  magnesium  lines  in  the  ultra  violet.J 

The  high-frequency  flame  discharge  can  be  produced  in  a  coal  gas,  air, 
nitrogen,  or  carbon  dioxide  vacuum  (these  being  the  only  gases  tried), 
providing  the  terminals  are  not  too  massive.  A  very  great  momentary 
current  density  appears  to  be  an  essential  condition.  The  type  of  spectrum 
just  described  remains  the  same,  and,  under  ordinary  conditions,  the  hydride 
llutings  and  the  C  and  F  lines  of  hydrogen  are  invariably  present,  often  with 
intensity  little  inferior  to  that  obtained  in  hydrogen,  so  that  photographs  of 
the  discharge  in  air  or  in  hydrogen  are  practically  identical  As  already 
stated,  this  is  due  to  the  presence  of  a  trace  of  water-vapour,  extrenjely 
difficult  to  get  rid  of.  Eventually  it  was  eliminated  by  placing  phosphoric 
anhydride  within  the  discharge  vessel  itself  for  each  experiment,  and  then, 
in  the  complete  absence  of  hydrogen  or  water-vapour,  no  hydride  spectrum 
appears. 

In  a  coal-gas  vacuum  the  carbon  fluting  at  4315  comes  out  strongly. 
In  an  air  vacuum  the  first  effect  is  a  rapid  fusion  and  scattering  of  the 
electrodes,  due  to  the  oxygen  present,  but  the  action  quickly  subsides,  and 
the  true  flame  discharge  sets  in  with  slow  subsequent  waste.  This  effect  is 
still  more  pronounced  in  carbon  dioxide.  In  nitrogen  the  discharge  presents 
the  usual  features,  but  it  is  difficult  to  keep  it  steady  for  any  length  of  time, 
and  there  is  a  strong  tendency  for  a  red  nitrogen  glow  to  appear  at  one  of 
the  electrodes. 

In  all  gases  absorption  occurs  during  this  kind  of  discharge. 

The  low-frequency  discharge  (i.e.,  without  jars)  is  quite  different  in 
character  and  in  spectrum.  In  this  case  it  was  desirable  to  have  at 
command  a  stronger  current  than  could  be  obtained  from  a  spark  coil,  and 
hence  a  small  2G00-volt  transformer,  fed  from  alternating  mains  at  fre- 
quency 50,  and  with  an  adjustable  liquid  resistance  in  the  secondary  circuit, 
was  usually  employed,  also  magnesium  rods  about  3/16  inch  diameter  were 
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more  convenient  to  manage  than  strip,  for  the  electrodes  fused  with  a  curr^^^ 
whose  RM.S.  value  was  perhaps  only  one-tenth  of  that  carried  easily  un.^^"^ 
the  former  conditions.  For  a  long  time  the  results  obtained  were  v^t^ 
puzzling,  the  "  F  and  P "  lines  and  the  hydride  spectrum  appearing  or  c3i8r 
appearing  under  apparently  identical  conditions,  but  whilst  the  latter  ^^^^ 
more  often  present  than  not,  the  former  were  very  seldom  found  on  w^r^^ 
negatives.  Eventually  it  became  apparent  that  several  distinct  spectra  w—  ®^ 
present,  the  facts  observed  being  briefly  as  follows. 

When  a  current  of,  say,  0*3  or  0*4  ampere  is  passed  through  rod  electroc^i^®^ 
in   a  hydrogen  vacuum  at  about  2  or   3   cm.   pressure  (the  vessel  its^^^^^ 
containing  phosphoric  anhydride),  the  first  eflTect  is  a  perfectly  steady  p^s-  *^® 
glow  around  each  electrode,  which  gives  a  faint  hydrogen  spectrum,  Ic:^:::^^*^^ 
there  is  no  luminous  gas  column  between  them.    If  no  special  care  has  be  ^  "*'^'^ 
taken  with  the  electrodes,  t.e.,  if  the  surfaces  are  oxidised,  vivid  green  poiic^^^^^^*® 
may  keep  flashing  out  on   them,   most  numerous  at  first  and  gradual^^^J 
diminishing  as  time  goes  on.    The  spectrum  of  these  points  has  been  observ^^  ^^ 
frequently,  and  also  photographed.     It  is  characterised  by  the  presence  ^        ^^ 
the  hydride  flutings  and  the  "  F  and  P  "  lines,  and  the  great  strength  of  tt^-"® 
line  4481,  but  differs  from  the  high-frequency  flame  spectrum  in  the  000^*^^**^' 
parative  weakness  of  the  minor  magnesium  lines. 

If  the  electrodes  be  trued  up  in  a  lathe  so  that  their  whole  surface  9^       ^ 
perfectly  bright  and  clean,  very  few  or  no  flickering  green  points  are  seeir*  ^^* 
and  in  any  case  they  disappear  more  or  less  completely  in  a  very  short  tim^^-^^®' 
but  when  one  does  flash  out,  its  characteristic  spectrum  flashes  out  with  its'  ^  ^ 
The  subsequent  course  of  events  is  practically  the  same  whether  the  rods  ai^^^^"*^ 
clean  or  not.     Gradually  a  pale  green  tint  creeps  into  the  perfectly  stead>C-^-^^ 
halo  surrounding  each  electrode.     This  gives  the  h  triplet  and  the  line  5528^^^*' 
on  a  background  of  the  two  hydrogen  spectra,  but  there  is  not  a  trace  ot.^^^     ^ 
the  hydride  flutings  or  of  the  "  F  and  P"  lines,  4481  being  very  faint  an(t>-^^^^^ 
the  other  magnesium  lines  practically  invisible.     This  spectrum  has  beenc^'^^^ 
repeatedly  photographed,  but  only  the  brighter  lines  are  shown. 


The   green   tint   steadily   increases   in   intensity   until   finally,  with    the^^^^" 
suddenness  of  switching  on  a  lamp,  the  discharge  lights  up  brilliantly,  the  ^  ^ 
glow  around  the  electrodes  becomes  intense,  producing  a  flame  effect  not  ^  ^^ ' 
unlike  that  already  described  (but  really  quite  different  in  structure  and    S=>^ 
properties),  and  accompanied  by  a  rapid  and  copious  evolution  of  brownish- 
black  fumes.*    With  equal  suddenness  the  gaseous  lines  disappetur  completely, 


♦  This  stage  marks  the  fusing  |K)iut  of  the  electroiiea.  Later  experiments  with  uni- 
directional current  have  shown  that  the  green  glow  and  subsequent  phenomeDa  occur 
onlv  at  the  cathode. 
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leaving  an  intensely  bright  and  sharp  ms^nesium  spectrum,  but  without  the 
hydride  flutings  and  without  the  "  F  and  P  "  lines.  The  line  4481  is  distinct 
and  about  equal  in  intensity  to  4571,  and  relatively  much  fainter  than  4703 
and  4352. 

It  is  difficult  to  eliminate  completely  the  hydride  spectrum,  but  when  it 
appears  it  is  in  flashes,  and  in  any  case  its  intensity  is  very  small  compared 
'ivith  its  great  strength  in  air  or  nitrogen  not  specially  dried.  Photographs 
show  barely  a  trace  of  it. 

Hence  the  mere  presence  of  dry  hydrogen  is  not  sufficient  to  bring  out  the 
hydride  flutings. 

In  one  experiment,  without  disturbing  the  apparatus,  the  connections  were 
then  changed  to  the  coil  with  jars  and  the  high-frequency  discharge  passed. 
As  ifl  usual  with  such  thick  electrodes,  the  flame  state  was  not  obtained,  and 
although  the  "F  and  P"  lines  were  well  seen  the  hydride  flutings  were 
invisible,  except  that  after  long  running  a  faint  trace  of  the  line  5210 
appeared.  In  another  experiment  of  the  same  kind  some  approach  to  the 
true  flame  discharge  was  obtained  for  a  few  moments  and  then  the  hydride 
flutings  appeared  distinctly,  but  only  during  that  time.  The  general 
inference  is  (since  abundantly  confirmed)  that  the  "  F  and  P  "  lines  are  not  in 
any  way  related  to  the  hydride  spectrum ;  they  are  probably  true  magnesium 
lines,  but  require  the  jars  to  bring  them  out  well,  whereas  either  at  high  or 
low  frequency  the  hydride  flutings  require  something  more  than  the  mere 
presence  of  hydrogen. 

Unless  special  precautions  are  taken  to  eliminate  water-vapour,  the  low- 
frequency  flame  discharge  in  hydrogen  always  gives  a  strong  hydride 
spectrum,  but  the  "  F  and  P  "  lines  have  never  been  observed  in  it,  although 
carefully  looked  for.  For  instance,  rod  electrodes  which  had  been  used  to 
denaonstrate  the  absence  of  the  hydride  spectrum  in  dry  hydrogen  were 
directly  afterwards  placed  in  another  vessel,  but  without  phosphoric 
anhydride.  This  vessel  was  then  well  washed  out  with  hydrogen  (passed 
through  strong  sulphuric  acid  and  over  phosphoric  anhydride  before 
entrance),  but  when  the  final  state  set  in  the  hydride  spectrum  appeared 
steadily. 

Hence  this  spectrum  can  be  seen  in  the  presence  of  a  trace  of  water- 
vapour  under  conditions  in  which  it  would  be  totally  absent  without  that 
vapour,  a  hydrogen  atmosphere  being  present  in  both  c€ises. 

A  larger  quantity  of  water-vapour  makes  very  little  diflbrence,  merely 
bringing  out  the  oxide  fluting  at  5007. 

Such  results  made  it  a  possible  hypothesis  that  the  hydride  bands  were 
always  connected  with  the  presence  of  oxide  or  water-vapour,  in  which 
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event  there  would  be  iio  occasion  to  assume  the  existence  of  a  *'  hydride  "  at 
alL  It  would  simply  be  the  spectrum  of  the  metal  in  a  peculiar  and  nascent 
state.  Some  important  evidence  in  this  direction  had  been  obtained  years 
previously  in  the  case  of  other  elements  and  compounds.  For  instance,  in 
a  similar  way,  but  with  more  difficulty,  a  jet-like  glow  can  be  obtained  from 
point  sources  on  an  aluminium  electrode,  and  this  always  gives  the 
characteristic  fluting  spectrum  of  that  metal,  by  some  writers  attributed 
to  the  oxide ;  but  Hemsalech  has  supported  Aron's  view  that  it  is  really  due 
to  the  element  itself.  It  was,  however,  found  that  the  hydride  spectrum 
appeared  with  great  intensity  in  the  high-frequency  flame  discharge  in 
hydrogen  even  when  every  effort  was  made  to  eliminate  oxide  and  water- 
vapour.  It  is  always  difficult  to  estimate  how  far  such  efiforts  have  been 
successful,  but  apparently  there  are  two  distinct  methods  of  producing  the 
atate  or  substance  which  gives  this  spectrum,  one  dependent  on  a  chemical 
change  accompanying  ionisation  and  the  other  on  ionisation  by  a  current  of 
very  high  maximum  value. 

The  low-frequency  discharge  in  dry  air  or  nitrogen  presents  problems  of 
more  difficulty  and  is  still  under  investigation.  It  is,  however,  perfectly 
certain  that  there  are  at  least  two  quite  different  spectra  to  be  seen  in  one 
and  the  same  discharge,  having  distinct  and  recognisable  sources.  One  of 
these  is  characterised  by  the  intensity  of  the  line  4481 ;  4703  is  weak  and 
4571  invisible,  and  the  hydride  spectrum  is  absent.  In  air  the  oxide  fluting 
at  5007  is  strong  at  tirst,  disappearing  later,  and  in  nitrogen  it  is  absent. 
The  other  spectrum,  which  depends  in  some  way  on  the  presence  of  nitrogen, 
probably  on  the  formation  of  nitride,  is  remarkable  on  account  of  the  great 
intensity  of  the  line  4571,  which,  next  to  the  h  triplet,  is  by  far  the  strongest 
line  in  it,  44S1  being  usually  invisible,  5711  faint,  and  5528  and  4703  of 
cnly  moderate  strength.  When  the  air  or  nitrogen  has  not  been  specially 
dried  the  hydride  spectrum  appears  with  great  brilliancy.  There  is  an  initial 
stage  in  which  the  cathode  gets  hot  and  may  fuse,  even  with  small  current, 
but  if  "  nursed  "  through  this,  a  current  of  from  1  to  2  amperes  may  be 
passed  for  an  indefinite  time  without  fusion.  The  "  F  and  P  "  lines  are  faint, 
but  in  all  cases  are  seen  when  discharge  is  sufficiently  intense.  It  is  hoped  to 
deal  more  fully  with  this  part  of  the  work  in  a  later  paper. 

As  regards  the  long-debated  question  as  to  whether  the  intensity  of  the 
line  4481  is  a  criterion  of  temperature,  it  may  be  pointed  out  that  in  the 
high-frequency  flame  discharge  the  single  spiral  of  thin  magnesium  ribbon 
never  fuses,  although  it  is  carrying  a  considerable  current,  its  temperature 
probably  being  kept  down  by  the  free  ionisation  going  on.  Yet  this  is  the 
discharge  which  gives  the  line  4481  with  the  greatest  intensity  and  sharp- 
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nees.  In  the  low-frequency  discharge  the  whole  apparatus  is  much  hotter 
Guad  the  electrodes  readily  fuse.  In  fact,  this  latter  spectrum  has  been 
photographed  when  the  thick  electrodes  have  been  in  a  molten  state  and 
iquid  globules  dropping  from  them,  without  any  marked  increase  in  the 
ntensity  of  this  line,  which  is  relatively  weak  in  this  kind  of  discharge,  and, 
inder  these  conditions,  the  spectrum  as  a  whole  is  not  so  good  as  when  the 
lame  state  occurs  without  fusion. 

Observations  were  made  in  several  difiFerent  ways  on  the  high-frequency 
Lischarge,  in  order  to  determine  the  relation  of  the  various  lines  to  the 
lectrodes.  In  some  experiments  a  three-way  globe  was  arranged  so  that 
►ne  of  the  electrodes  could  be  seen  "  end  on,"  the  other  electrode  being 
t  ring  of  iron  wire.  An  image  of  the  former  electrode  was  thrown  on  the 
lit  of  a  spectroscope  by  means  of  a  lens,  and  thus  different  parts  of  the 
;low  examined.  The  line  4481  was  only  conspicuous  quite  close  to  the 
lectrode,  a  slight  displacement  suddenly  cutting  it  off,  as  was  also  the  case 
vith  the  hydride  bands.  The  line  4703  remained  visible  a  little  longer  than 
:481,  whilst  the  h  triplet  was  brilliantly  visible  long  after  the  latter 
lisappeared,  and,  in  fact,  could  always  be  seen  more  or  less  clearly  in  any 
lart  of  the  globe.  The  line  5528  varied  with  the  6  triplet — a  fact  often 
loticed — as  if  these  lines  have  a  common  origin  or  are  connected  in 
ome  way. 

The  discharge  was  also  photographed  by  means  of  an  ordinary  camera 
vith  a  diffraction  grating  in  front  of  the  lens,  but  without  a  slit.  The 
legatives  showed  the  4481  light  locally  strong  at  the  electrodes,  whilst  an 
mage  of  the  whole  lamp  glass  was  formed  by  the  light  of  the  h  triplet,  and 
Jao,  but  more  faintly,  by  the  light  of  the  violet  triplet  at  3830.  Hence 
jhis  latter  radiation  pervades  the  whole  space  as  does  that  of  the  h  group — 
lue  mainly  perhaps  to  reflection — but  partly  to  a  real  luminescence  at 
considerable  distances  from  the  discharge  proper.  Similar  results  were 
obtained  by  using  an  ordinary  prism  spectrograph  without  a  slit,  and  the 
phenomena  can  be  observed  directly  in  a  specially  clear  and  interesting 
Way  by  means  of  Dr.  Marshall  Watts'  "Binocular"  spectroscope.  The 
4481  light  can  be  seen  flickering  brightly  close  to  each  electrode,  and  with 
a  small  gap  and  a  strong  discharge  extending  faintly  across  it.  The  whole 
globe  is  seen  in  the  light  of  the  h  group,  and  also  in  the  light  of  the  yellow 
line  6528,  these  flickering  in  unison. 

These  observations  are  merely  given  as  confirmatory  of  results  obtained 
by  other  investigators.  It  may,  however,  be  remarked  that  the  locus  of  the 
line  4481  is  visible  without  any  apparatus  at  alL  In  the  true  high- 
frequency  flame  discharge  the  green  glow  envelopes   the  electrodes  and 

TOL.  LXXX — A.  Q 


226     Mr.  E.  E.  Brook^.     Tlie  Spectrum  of  Magnesium    [Oct..«^  ^» 

bridges  over  the  space  between   them,  but  the  root  of  the  discharge      -^* 
distinctly  blue,  and  it  is  this  blue  region  which  gives  the  4481  line  mofi^  * 
strongly.    (The  low-frequency  flame  has  no  such  blue  core.)    The  "  F  and  P 
lines  were  not  examined  in  the  same  way,  but  in  all  probability  it  will  be 
found  that  their  source  lies  even  closer  to  the  electrodes. 

Some  useful  information  as  to  the  relation  between  the  various  phenomena 
already  described  and  the  sign  of  the  electrodes  was  obtained  by  separating 
the  components  of  the  current  in  a  magnetic  field.  For  this  purpose 
a  narrow  lamp  glass  was  generally  used,  placed  horizontally  between  the 
poles  of  an  electromagnet  so  that  the  discharge  was  at  right  angles  to  the 
field,  the  magnesium  electrodes  being  bifurcated  so  that  on  each  the  locus 
of  origin  of  a  positive  and  negative  discharge  could  be  readily  seen.  Some- 
times one  of  the  electrodes  was  an  iron  ring.  With  the  means  available  the 
experiments  wei-e  somewhat  troublesome,  and  it  has  not  been  possible  to 
obtain  a  direct  current  of  sufficient  voltage  to  confirm  the  results,  which  all 
pointed  to  the  same  conclusion. 

The  high-frequency  discharge  separated  into  two  paths,  equally  pervaded 
by  the  green  flame,  and  the  faint  bluish  root  which  gives  the  4481  line 
was  found  to  be  on  the  positive  source  only.  Blackening  took  place  by 
diffusion  uniformly  all  round  the  tube,  no  localisation  being  noticed. 

When  the  lo\v-fie(iuency  flame  was  used,  each  electrode  showed  a  bright 
green  ^low,*  also  attaclied  to  tlie  positive  source,  but  without  a  blue  core. 
In  this  case  the  blackening  was  markedly  local ;  the  glows  behaved  much 
moi*e  like  jet«,  and  could  be  driven  in  any  predetermineil  direction  by  the 
tield,  instant  blackening  occurring  in  exactly  that  direction.  The  experi- 
ments weix^  decisive  as  to  the  positively  charged  character  of  the  magnesium 
ions.  When  o\\^  electrode  was  of  iron,  this  also  possessed  a  green  positive 
glow,  and  by  the  siune  method  it  was  found  that  positively  charged 
magnesium  ions  were  returning  fn^m  it.  The  pressure  used  was  about 
2  inches.  These  exi»erinients  were  made  in  hydrogen,  but  a  remark  occurs 
in  a  notelHX>k,  made  nearly  three  yeai-s  since,  to  the  etiect  that  "  the 
green  glow,  due  to  incipient  combustion  in  an  air  vacuum,  clearly  and 
definitely  follows  the  field,  always  l>eing  on  the  anckle,  and  accompeinied 
by  brilliant  whitish  j>oints.'*     (These  iK>ini^  are  due  to  incandescent  oxide.) 

It  was  much  more  ditiieult  to  study  the  cathode  by  this  method,  and 
certain  curious  results  obtained  lack  confirmation  and  are  being  investigated 
further.     In  one  exix>rimeut.  also  made  long  ago,  a   three-way  globe   was 

♦  This  refers  to  a  jxirtiouUr  staj:re  in  the  discharge.  The  facts  are  somewhat  com- 
plicateii  and  are  being  ex.^miued  further,  but  the  gi-een  jeto  always  act  like  positively 
charged  streaiu&. 
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used,  fitted  with  a  tlurd  idle  terminal,  a  small  metal  disc  which  could  be 
kept  charged  positively  or  negatively  by  a  Wimshurst  machine  whilst  the 
discbarge  was  passing.  This  was  of  the  high-frequency  flame  type,  and  it 
was  found  that  when  the  disc  was  kept  positive,  no  black  deposit  formed  on 
it,  whereas  when  it  was  negative,  such  a  deposit  formed  on  it  as  well  as 
on  the  walls  of  the  globe.  If  the  third  terminal  was  quite  close  to  the 
discharge  colunm,  the  black  deposit  formed  upon  it  in  either  case. 

Apart  from  the  question  of  charge,  there  are  certain  well-marked 
peculiarities  in  the  evolution  of  fumes  and  formation  of  deposits  which  seem 
worthy  of  brief  mention.  It  has  already  been  stated  that  when  the  high- 
frequency  flame  discharge  occurs  in  the  presence  of  a  trace  of  oxygen,  there 
is  an  initial  stage  of  fusion  during  which  small  particles  of  metal  may  be 
projected  in  various  directions.  These  strike  the  glass  at  various  angles^ 
either  rebounding  or  adhering  as  small  metallic  spheres  flattened  by  the 
impact,  and  would  not  have  attracted  attention  except  for  a  peculiar 
structure  invariably  present  in  the  splash.  The  metal  particle  is  surrounded 
by  a  dark  ring,  and  outside  this,  at  a  greater  distance,  is  another  fainter 
ring,  as  if  the  flying  particle  was  surrounded  by  an  atmosphere  much  larger 
than  itself.  According  to  the  direction  of  impact,  these  rings  may  be 
nearly  circular  or  portions  of  ellipses.  When  a  particle  strikes  at  almost 
grazing  incidence,  it  leaves  a  long  trace  broken  up  into  a  series  of  separate 
splashes,  but  on  either  side  is  always  found  the  faint  line  which  marks  the 
boundary  of  this  atmosphere.  The  particles  themselves  may  average  a 
millimetre  or  so  in  diameter,  the  largest  met  with  being  5  mm.  and  its 
"  atmosphere  "  2  cm.  in  diameter. 

The  fumes  from  the  low- frequency  flame  discharge  are  usually  lighter 
coloured,  more  distinctly  visible,  and  form  in  a  quite  different  manner. 
The  projectile  eflect  is  very  seldom  met  with,  but  instead  one  frequently 
obtains,  especially  in  air  or  nitrogen,  very  large  and  remarkable  spiral 
formations  on  the  glass,  which,  under  favourable  conditions,  may  be  seen  to 
correspond  to  almost  stationary  whirls  inside.  Single  instances  of  this  kind 
"would  not  be  noteworthy,  but  it  is  remarkable  that  when  such  formations 
occur  at  all  they  are  always  of  exactly  the  same  type,  and  their  probable 
appearance  or  otherwise  can  be  predicted  in  advance. 

[Note  added  Jwrntary  25<A,  1908. — Since  this  paper  was  written,  Professor 
Fowler  has  shown  that  the  hydride  bands  and  flutings  occur  in  the  spectra 
of  sun-spots;  a  most  interesting  and  important  discovery;  and  he  remarks 
that  "  there  need  be  no  hesitation  in  attributing  the  flutings  in  question  to 
the  compound  magnesium  hydride."*     It  is,  however,  somewhat  difficult  to 

♦  *  Notice»  Roy.  Astron.  Soc.,'  yoI.  67,  No.  8,  p.  530. 
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imagine  a  compound  of  the  metallic  hydride  type  existing  as  such  in  the 
sun,  even  at  the  relatively  low  temperature  of  a  sun-spot ;  but,  assuming 
this  to  be  the  caBe,  and  also  that  it  is  really  formed  in  the  arc  and  spark, 
it  is  still  more  difficult  to  understand  why  it  eludes  isolation  by  chemical 
means.  One  would  naturally  expect  magnesium  hydride  to  be  an  unstable 
compound,  and  apparently  the  only  chemical  evidence  for  its  existence  is  to 
be  found  in  a  paper  by  Winkler,*  who  obtained  a  non-homogeneous  sub- 
stance (by  heating  a  mixture  of  Mg  and  MgO  to  redness  for  four  hours  in 
an  atmosphere  of  hydrogen),  which  certainly  appears  to  have  contained 
hydrogen,  but  whose  exact  composition  seems  somewhat  doubtfuL 

On  the  other  hand,  in  the  current  number  of  *  Nature  'f  is  a  paragraph 
referring  to  an  article  in  the  *  Observatory ,'J  by  Father  Cortie,  who  has  many 
times  recorded  lines  attributed  to  water- vapour  in  the  spectra  of  sun-spots,  and 
who  suggests  the  possibility  of  the  presence  of  superheated  steam.  Again,  it 
may  be  noted  that  the  metallic  banded  spectra  of  which  the  hydride  flutings 
are  merely  one  instance,  are  especially  readily  obtained  in  the  oxyhydrogen 
flame,  and  Hartley  and  Bamage  attribute  these  to  the  metal  itself.  Professor 
Fowler  (whom  I  find  has  also  been  working  for  some  yeart  at  the  hydride 
ispectrum)  informs  me  that  the  most  convenient  way  of  producing  such 
rspectra  is  in  the  "  flame  "  of  the  electric  arc,  but  from  my  own  experience  I 
Ihave  no  difficulty  in  believing  that  amply  sufficient  water-vapour  may  be 
present  in  this  case  also,  unless  very  special  precautions  are  taken  to  ensure 
its  absence.  On  the  whole,  it  seems  best  to  regard  the  objective  existence 
of  the  hydride  as  an  open  question,  awaiting  further  experimental  evidence.] 
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Notes  on  the  Application  of  Low  Temperatures  to  some  Chemical 
Problems ;  (1)  Use  of  Charcoal  in  Vapour  Density  Determina- 
tion ;  (2)  Rotatoi^  Power  of  Organic  Substances. 
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(1)  Use  of  Charcoal  in  Vapour  Density  Determination, 

In  a  recent  paper*  Barkla  and  Sadler  describe  the  investigation  of  the 
X^ii^fcrating  power  of  the  secondary  Rontgen  rays  emitted  by  different 
elements,  which  they  find  to  be  dependent  on  the  atomic  weight  of  the 
element.  The  behaviour  of  nickel  was. found  by  those  investigators  to  be 
abnormal,  and  could  only  be  reconciled  with  the  behaviour  of  other  elements 
liy  assigning  to  nickel  an  atomic  weight  of  61*4,  a  value  considerably  higher 
^han  the  accepted  value,  587. 

We  therefore  considered  it  of  interest  to  make  some  further  determinations 
of  the  density  of  nickel  carbonyl  at  low  pressures  (when  it  would  approxi- 
:x3Qately  obey  the  gas  laws)  by  the  use  of  a  new  method  of  manipulation  which 
enables  greater  volumes  of  vapour  to  be  employed,  while,  at  the  same  time, 
tlie  accuracy  of  the  weight  of  the  nickel  carbonyl  used  in  each  experiment 
"^^as  considerably  improved. 

Previous  determinations  made  by  usf  gave  the  value  83*3  at  63°  C.  and 
"3^60  mm.  (when  slight  dissociation  had  taken  place)  and  856  at  17°  C.  and 
^i  7*7  mm.,  when  no  dissociation  could  be  detected.  These  results  shoVv  no 
i:^dication  that  the  accepted  atomic  weight  of  nickel  is  too  low. 

The  basis  of  the  present  method  is  the  use  of  charcoal  at  low  temperatures 
fc-^D  absorb  gases  and  vapours.  As  liquid  air  is  the  material  used  for  cooling,. 
^^^asily  condensable  vapours  would,  at  the  low  temperature,  have  such  a  small 
^^nsion  that  even  the  charcoal  might  be  dispensed  with,  so  far  as  one  of  the 
^^perations  is  concerned ;  but  as  its  presence  was  not  a  disadvantage,  it  was 
^*^^tained  in  all  the  condensers. 

In  the  following  experiments,  the  vapour  or  gas,  of  which  the  density  had 
t;o  be  determined,  occupied  a  definite  known  volume  at  0°  C.  under  a  measured 
"pressure,  and  was  absorbed  in  a  small  bulb  filled  with  charcoal  cooled  in 

♦  *Phil.  Mag.,'  1907,  vol.  14,  p.  408. 

t  *R6y.  Soc.  Proc.,'  1903,  vol  71,  p.  427. 
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liquid  air  which  was  afterwards  weighed.  In  the  conduct  of  the  several 
operations  it  was  found  most  advantageous  to  use  three  charcoal  reservoirs 
for  the  purposes  of  air  exhaustion  and  condensation. 

'  The  apparatus  is  sketched  diagrammatically  in  fig.  1,  and  the  following  brief 
general  description  of  it,  and  the  mode  of  procedure,  will  make  clear  the 
essential  details  of  the  method. 

A  is  a  flask  whose  volume  is  about  2  litres,  which  is  connected  to  a 
mercury  manometer  at  B,  and  through  a  stopcock  at  C,  to  a  weighed  bulb  F, 
with  separate  stopcock  containing  cocoanut  charcoal  A  stopcock  at  D 
enables  communication  to  be  made  to  a  suitable  reservoir  containing  the  sub- 
stance whose  vapour  density  was  to  be  determined,  or  to  any  gas  generating 
mixture  like  that  used  for  the  production  of  carbonic  acid.  As  all  air  has 
to  be  removed  and  a  high  vacuum  reached  in  this  part  of  the  apparatus,  it  is 
convenient  to  seal  on  a  special  charcoal  condenser,  not  shown  in  the  drawing, 
instead  of  exhausting  the  whole  apparatus  by  means  of  the  one  charcoal 
reservoir.  During  the  charcoal  exhaustion,  liquid  substances,  like  nickel 
carbonyl,  ether,  or  sulphurous  acid,  were  frozen  at  the  temperature  of  liquid 
air.  The  usual  preliminary  washing  out  of  the  flask  by  the  gas  or  vapour 
under  examination  made  no  detectable  diflerence  in  the  densitiea  The 
volume  of  the  flask  A  and  the  connecting  tubes  enclosed  between  the  stop- 
cocks C,  D,  and  a  mark  at  B  on  tlie  manometer  tube,  was  ascertained  from 
the  weight  of  water  at  0°  C,  which  filled  the  space  and  was  found  to  be 
2161*6  c.c.  The  contraction  of  the  flask,  when  the  internal  pressure  was 
reduced  to  40  mm.,  was  found  to  be  approximately  1  c.c.  Taking  the  weight 
of  air  displaced  by  the  flask  as  2*58  grammes,  we  get  the  value  2163*2  c.c.  as 
the  volume  of  the  exhausted  flask. 

This  gas  or  vapour  receptacle,  after  charcoal  exhaustion,  was  surrounded 
with  melting  ice,  all  except  a  small  portion  of  the  manometer  tube  at  B, 
which  had  to  be  left  uncovered  in  order  to  take  readings  of  the  level  of  the 
mercury.  The  volume  of  the  exposed  part  was,  however,  not  more  than 
2  c.c,,  so  that  the  error  introduced  by  this,  being  at  a  temperature  above 
0°  C,  is  negligible. 

Beyond  the  tap  C  the  apparatus  is  connected  through  a  tube  G  to  a 
bulb  H  containing  cocoanut  charcoal,  and  by  a  side  tube  to  a  Fleuss  pump, 
also  by  another  side  tube  with  a  stopcock  J  to  a  small  bulb  E  containing 
charcoal.  The  weighted  bulb  F,  also  containing  charcoal,  was  connected  to 
the  rest  of  the  apparatus  by  a  piece  of  thick  rubber  tubing,  so  that  it  could 
be  detached  and  weighed.  This  rul)ber  joint  in  refined  experiments  might  be 
replaced  by  one  of  ground  glass. 

The  mercury  reservoir  below  the  manometer  B  was  movable,  so  that  the 
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upper  surface  of  the  mercury  could  always  be  brought  approximately  to  the 
level  of  the  mark  on  B  and  carefully  adjusted  by  means  of  a  plunger  in  the 
reservoir.  The  stopcocks  were  all  carefully  selected,  and  after  proper  lubri- 
cation were  found  to  allow  no  appreciable  leak  into  the  exhausted  apparatus 
on  standing  for  many  days. 


Fio.  1. 


The  arrangements  for  supplying  the  vapour  were  varied  according  to  the 
substance  used,  and  will  be  descril>ed  in  each  case.  The  stopcock  D  being 
cloeed,  C,  J,  and  K  open,  the  whole  apparatus  was  exhausted  through  the 
'  side  tube  at  G  by  means  of  a  Fleuss  pump,  while  the  three  charcoal  bulbs 
were  heated  by  means  of  a  Bunsen  burner.  The  side  tube  was  then 
sealed  ofif  at  6,  and  the  bulb  H  inversed  in  liquid  air  for  several  hours, 
usually  over  night,  after  which  the  tube  at  I  was  fused  and  the  charcoal 
condenser  removed.  The  vacuum  left  is  less  than  a  ten-millionth  of  an 
atmosphere.  During  the  main  period  of  the  charcoal  exhaustion  of  the 
whole  apparatus  the  stopcocks  J  and  K  were  closed.  The  flask  being  now 
shut  off  by  closing  the  stopcock  C,  the  charcoal  bulb  F  was  detaehed, 
weighed  with  an  equal  volume  counterpoise,  and  again   connected  to  the 
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apparatus.  The  small  space  in  the  connecting  tubes  between  C  and  the  tapa 
J  and  K  was  now  necessarily  filled  with  air,  which  was  removed  by  immersing 
the  bulb  E  in  liquid  air  for  about  10  minutes,  and  then  shutting  stopcock  J. 

Meanwhile  the  2-litre  flask  A  was  siuTounded  with  powdered  ice,  and 
the  height  of  the  mercury  column  in  the  manometer  determined  by  means 
of  a  cathetometer.  It  is  evident  that  the  accuracy  of  the  results  will 
depend  on  the  determination  of  pressure,  since  the  errors  here  will  be 
greater  than  those  in  the  determination  of  the  volume  of  A  or  of  the  weight 
of  the  vapour. 

The  cathetometers  used  (one  of  which  was  very  kindly  lent  by  the 
Cambridge  Scientific  Instrument  Company)  were  capable  of  reading  to 
0'02 .  mm.  Four  readings  of  each  surface  of  the  mercury  were  taken,  the 
condition  of  lighting  and  background  having  previously  been  arranged  so  as 
to  ensure  the  best  result  obtainable,  and  the  mean  of  these  to  the  nearest 
tenth  of  a  millimetre  taken,  this  being  suflBciently  accurate  for  the  main 
object  in  vijew,  namely,  to  see  if  the  atomic  weight  of  nickel  was  considerably 
higher  than  58'7. 

The  gas  or  vapour  was  now  introduced  through  the  tap  D  to  any  desired 
pressure,  D  was  closed,  and  after  adjusting  the  level  of  the  upper  surface 
of  the  mercury  to  the  mark  on  B,  the  pressure  was  again  determined. 
Several  determinations  of  the  pressure  were  usually  made,  but  it  was  found 
that  equilibrium  was  very  soon  reached,  and  after  about  10  minutes  the 
pressure  did  not  change. 

When  the  charcoal  bulb  F  is  immersed  in  liquid  air,  the  taps  C  and  K 
being  open,  the  vapour  in  A  is  rapidly  condensed  in  F.  The  exhaustion  of 
the  vapour  from  the  flask  was  allowed  to  go  on  for  about  one  hour,  though 
in  most  cases  no  measurable  diminution  of  pressure  could  be  detected  after 
about  10  minutes  cooling.  The  taps  C  and  K  were  then  closed,  F  was 
detached  and  weighed  against  an  exactly  similar  counterpoise  after  the 
expiration  of  a  sufficient  interval  for  it  to  acquire  the  atmospheric  tempera- 
ture. The  flask  is  now  left  exhausted  and  ready  to  be  recharged  with  vapour 
or  gas,  and  another  determination  made.  It  was  found  advisable  to  exhaust 
and  heat  the  charcoal  in  F  after  each  experiment. 

The  weight  of  vapour  filling  A  at  0^  C.  and  under  a  measured  pressure  is 
thus  determined,  from  which  the  vapour  density  can  be  calculated. 

One  difficulty  with  regard  to  the  determination  of  the  pressure  must  be 
noted.  The  pressure  of  the  vapour  is  found  from  the  difference  in  the 
readings  of  the  mercury  manometer  taken  at  different  times.  During  the 
interval  between  these  readings  the  atmospheric  pressure  may  change,  and 
it  was  found  in  certain  cases  that  owing  to  this  cause  the  initial  and  final 
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readings  of  the  manometer  did  not  agree.  When  this  is  observed  the 
pressure  of  the  vapour  is  best  obtained  from  the  difference  between  the 
reading  of  the  manometer  before  and  after  introducing  the  vapour,  since  the 
interval  between  these  readings  is  not  long,  usually  about  half  an  hour. 

In  order  to  test  the  method,  some  condensible  gases,  whose  vapour  densities 
are  accurately  known  from  the  determinations  of  Eayleigh  and  Guye,  were 
selected  for  experiment  For  this  purpose  carbon  dioxide  and  sulphur 
dioxide  were  chosen,  and  the  results  showed  that  the  method  worked  satis- 
:f actorily,  the  variations  being  within  the  limits  of  accuracy  aimed  at. 

The  pressure  was  corrected  for  temperature  by  the  simple  formula 
jf^  =^(1  +  0'0001818^)  where  t  is  the  temperature  of  the  column  of  mercury. 
^he  manometer  tube  was  6  mm.  wide,  so  that  the  correction  for  capillarity 
:xDay  be  neglected.  The  correcting  factor  (0'99971)  for  reducing  the  weights 
dProm  the  value  of  gravity  at  Cambridge  to  that  at  Paris,  may  also  be 
xieglefeted  as  the  difference  is  not  within  the  limits  of  accuracy  aimed  at. 

Carbon  Dioxide. — This  gas  was  prepared  by  heating  together  an  intimate 

JKnixture  of  fused  boric  acid  and  recently  ignited  sodium  carbonate,  and  passing 

"C^be  gas  through  a  tube  containing  some  pure  phosphorus  pentoxide  distilled 

i-H  oxygen.    The  apparatus  for  the  preparation  of  this  gas  was  sealed  on  to  the 

:5.iilet  tube  D  beyond  the  stopcock  and  was  thoroughly  exhausted  by  means  of 

^^  special  charcoal  reservoir  and  then  finally  connection  was  made  to  the 

;jpreviously  exhausted  flask  A.    The  apparatus  was  allowed  to  stand  for  some 

^ir^ime,  and  the  special  charcoal  bulb  sealed  off.    The  large  flstsk  A  was  then 

:ar"eady  to  be  filled  with  carbon  dioxide  through  the  inlet  tube  D. 

The  following  results  were  obtained : — 


PreMnre 
corrected. 

Weight  of 
gas. 

Weight  of  1  litre 
of  the  gas. 

Vapour  density 

of  gas,  taking 

1  CO.  of  H 

0  -00009  gramme. 

mm. 
116-4 
206-6 
206-0 

gramme. 
0-6476 
1-1624 
11600 

gramme. 
1-972 
1-978 
1-978 

21-91 
21-98 
21-98 

Bayleigh*  gives  the  value  1*52909  as  the  weight  of  a  litre  of  carbon  dioxide 
^^i^mpared  to  air  at  0**  and  760  mm.,  which  is  1-9782  gramme  per  litre. 

Sulphur  Dioxide, — Some  pure  dry  sulphur  dioxide  was  liquefied  in  a  glass 
^ulb  which,  with  a  tube  containing  phosphorus  pentoxide,  was  sealed  on  to  D 

♦  'Roy.  Soc.  Proc.,'  1897,  vol.  62,  p.  206. 
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and  the  whole  was  then,  while  the  sulphur  dioxide  was  frozen  in  liquid  air, 
exhausted  by  means  of  a  pump  followed  by  the  use  of  charcoal  in  the 
manner  described  above.      The    vapour  could  now  be  changed  into  the 
previously  exhausted  flask  A  to  any  desired  pressure. 
The  following  results  were  obtained : — 


Pressure 
(ooneoted). 

Weight  of  gas. 

Weight  of  1  Utre 
of  gas. 

Vapour  density. 

mm. 

76  1 

198-6 

gramme. 
0^200 
1-6248 

grammes. 
2*868 
2-876 

81*81 
81-94 

Guye*  takes  2*9266  as  the  most  probable  value  for  the  weight  of  a  litre  of 
sulphur  dioxide  at  0°  C.  and  760  mm.  The  theoretical  value  of  the  vapour 
density  is  31-79. 

Mhe7\ — The  experiments  were  carried  out  substantially  as  described  for 
sulphur  dioxide. 

The  results  obtained  were  as  follows : — 


Pressure. 

Weight  of  Tapour. 

Vapour  density. 

mm. 
31-4 
63*9 

gramme. 
0-2968 
0-6024 

36-90 
36-91 

Theoretical  Talue  of  the  vapour  density  is  36'76. 

Nickel  Carhmiyl. — In  this  case  a  small  bulb  was  sealed  on  to  D,  wliich  was 
connected,  by  means  of  a  constricted  tube  and  a  stopcock,  with  another  bulb 
containing  pure  dry  nickel  carbonyL  The  first  bulb  was  exhausted  with  the 
whole  apparatus,  the  tap  at  D  was  shut,  nickel  carbonyl  was  admitted  into 
this  small  bulb,  this  was  then  cooled  to  —183°,  the  constricted  tube  sealed 
off,  and  the  whole  apparatus  exhausted,  while  the  bulb  containing  nickel 
carbonyl  was  kept  in  liquid  air. 

The  following  results  were  obtained  : — 


Pressure. 

Weight  of  vapour. 

Vapour  density. 

mm. 
16-6 
41-7 
46-8 

gramme. 
0-3600 
0-9046 
10164 

84-67 
84*69 
84-79 

*Compt.  Rend.,'  1907,  vol.  144,  p.  1360. 
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Taking  the  atomic  weight  of  nickel  as  58*3  (H  =  1). — The  theoretical 
vapour  density  is  8473,  whereas  on  the  assumption  of  the  atomic  weight 
suggested  by  Barkla  and  Sadler  reduced  to  the  same  standard  it  would  be 
86-05.  A  slight  deposit  of  nickel,  due  to  dissociation  of  the  nickel  carbonyl 
under  low  pressure,  formed  on  the  tube  just  inside  the  tap  D,  where  the 
vapour  entered  the  apparatus.  This  would,  of  course,  tend  to  make  the 
result  obtained  too  low ;  the  amount  of  nickel  deposited,  even  after  several 
experiments,  was  so  small,  however,  that  its  influence  on  the  vapour  density 
would  be  quite  outside  the  limits  of  error.  No  correction  was  made  for 
the  presence  of  vapour  of  mercury.  Taking  into  consideration  the  fact 
that  tlie  deviation  of  the  vapour  from  the  gas  laws  would  tend  to  make 
the  result  too  high,  it  is  probable  that  the  value  found  is  not  too  low,  and 
makes  it  impossible  that  the  atomic  weight  of  nickel  should  lie  as  high 
as  61'4  relative  to  the  oxygen  standard,  or  60*95  when  hydrogen  is  taken  as 
the  fundamental  unit  of  atomic  weights. 

The  accuracy  of  the  method  could  be  greatly  improved  by  the  use  of 
a  larger  vessel  and  more  delicate  manometric  measurement,  so.  that  good 
results  might  be  obtained  at  very  much  lower  pressures.  Further,  if  the 
charcoal  condenser  F  was  made  of  metal  instead  of  glass,  any  increase  of 
pressure  on  heating  tlie  charcoal  up  to  the  ordinary  temperature  would  be 
immaterial,  and  thus  more  volatile  gases  like  oxygen  and  nitrogen  could  be 
equally  well  manipulated. 

(2)  Rotatirry  Pawer  of  Organic  Substances. 

The  optically  rotatory  power  of  organic  substances  does  not  appear  to 
have  been  examined  at  temperatures  below  0°  C.  An  attempt  to  determine 
the  change  which  takes  place  in  the  rotator}^  power  of  some  substances  down 
to  much  lower  temperatures  is  here  recorded. 

With  this  object  in  view,  solutions  of  various  optically  active  substances  in 
adcohol  and  in  petroleum  ether  were  cooled  to  a  low  temperature  by  means  of 
liquid  air,  and  it  was  found  that  solutions  of  a  number  of  substances  could  be 
solidified  without  losing  their  transparency. 

A  jacketed  polarimeter,  10  cm.  in  length,  was  made  entirely  of  metal, 
and  surrounded  with  a  thick  covering  of  wooL  Experiments  were  made  to 
£nd  out  how  best  to  avoid  the  deposition  of  hoar  frost  on  the  glass  plates  at 
the  ends  of  the  tube.  This  caused  some  trouble,  and,  after  trying  a  number 
of  devices,  it  was  found  that,  when  the  glass  plates  used  to  close,  the  ends  of 
the  tube  were  about  1  cm.  thick,  and  their  outer  surfaces  were  continually 
moistened  with  absolute  alcohol,  readings  could  be  taken  at  quite  low 
temperatures. 
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Cooling  was  carried  out  by  introducing  liquid  air,  or  other  liquids  of  low 
boiling-point,  into  the  cylindrical  space  between  the  actual  tube  and  the 
outer  jacket.  Cooling  caused  distortion  of  the  field  of  the  polarimeter  as 
seen  through  the  liquid,  and  accurate  determinations  of  the  rotatory  power 
soon  became  impossible ;  however,  by  cooling  slowly,  and  allowing  a  con- 
siderable time  for  inequalities  in  density  to  disappear,  it  was  found  that 
fairly  consistent  readings  of  the  polarimeter  could  be  obtained,  and  the 
uncertainty  in  the  result  was  usually  not  greater  than  0^*3.  When  the 
liquid  in  the  tube  solidified  to  a  transparent  glass,  readings  were  no  longer 
possible,  as  the  field  of  the  polarimeter  became  uniform  in  all  positions 
of  the  analyser;  this  effect  is  probably  due  to  double  refraction,  caused  by 
strain.  In  the  case  of  some  solutions,  such  as  that  of  menthol  in  alcohol, 
this  effect  appeared  at  —80°  C,  while  the  solution  was  still  liquid. 

The  choice  of  solvents  is  practically  limited  to  ethyl  alcohol  and  petroleum 
ether  of  low  boiling  point,  since  these  are  among  the  few  liquids  which 
solidify  below  —100°  C.  to  a  transparent  glass. 

It  soon  became  clear  also  that  very  few  active  substances  were  suitable  for 
examination,  as  it  was  necessary  to  get  a  suflBciently  large  rotation  to  observe, 
and  solutions  of  most  substances,  when  concentrated  enough  to  give  a  rotation 
as  large  as  desirable,  could  not  be  cooled  and  still  retain  their  transparency. 

Solutions  of  a  number  of  substances  have  been  examined,  but  two  only 
need  be  mentioned  here  as  it  is  hoped  later  to  communicate  the  results  of 
further  experiments  on  the  effect  of  temperature  on  rotator)'  power. 

These  two  substances  are  Z-nicotine  and  "  bitter  orange  oil,"  consisting 
chiefly  of  c?-limonene.  These  were  chosen  for  several  reasons :  first,  on 
account  of  their  great  rotatory  power,  [a]D  =  —163°  and  +96°  respect- 
ively ;  secondly,  they  both  formed  mixtures  with  alcohol  which  could  be 
solidified  to  transparent  glasses,  and,  thirdly,  on  account  of  the  difference  in 
their  behaviour  within  the  limits  of  temperature  hitherto  examined.  The 
rotatory  power  of  nicotine  increases  with  increase  of  temperature,  while  that 
of  limonene  decreases  with  increase  of  temperature. 

The  following  observations  are  selected  from  those  made  and  illustrate  the 
kind  of  change  observed. 

Nwotine. — Solution  in  alcohol,  21*2  grammes  in  100  c.c.  at  20°  C.    Density, 

0-871. 

Temperature.  Observed  rotation. 

+   20°  C.  -.30°-0  C. 

-  50  -28  -7 

-  70  -27  -3 

-  90  -25  -3 
-120  -22  -0 
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At  lower  temperatures  readings  were  impossible. 

Solutions  of  nicotine  in  petroleum  ether  on  cooling  soon  deposit  solid 
nicotine  and  are  therefore  useless. 

It  is  clear  from  the  above  results  that  the  rotatory  power  of  nicotine 
diminishes  with  decreasing  temperature  below  0^  C.  just  as  it  does  above 
this  temperature.  Moreover,  the  diminution  appears  to  be  quite  r^ular ; 
since  the  curve  showing  the  relation  between  the  temperature  and  the 
observed  rotation  is  approximately  a  straight  line  which,  when  produced, 
gives  a  rotation  at  the  absolute  zero  of  about  12^. 

The  specific  rotatory  power  cannot  be  calculated,  since  the  densities  of  the 
solution  at  the  different  temperatures  have  not  been  determined. 

A  rough  estimate  of  the  specific  rotatory  power  can,  however,  be  obtained 
by  using  the  densities  of  alcohol  calculated  from  a  Waterston  formula, 
V  =  2-8911-0-6938 log (243-6-^).  The  density  of  alcohol  at  -90°  C. 
would  be,  according  to  this  formula,  0*877.  The  density  of  the  nicotine 
solution  at  20°  C.  was  0*871,  and  may  be  assumed  to  be  about  0*95  at 
—90°  C,  hence  the  specific  rotatory  power  at  this  temperature  would  be 
approximately  —109°. 

Taking  the  value  of  the  obserN'ed  rotation  from  the  curve  to  be  —23^*5  at 
—  115°  C,  the  density  of  alcohol  to  be  0*894,  and  that  of  the  solution  to  be 
0*97,  we  get  the  specific  rotator}'  power  at  this  temperature  to  be  about 
—99°.  Hence,  by  extrapolation  of  the  linear  law,  the  specific  rotatory  power 
at  -273°  C.  would  be  about  —54° 

BUter  Ora)ige  Oil. — Solution  in  alcohol,  20  grammes  in  100  c.c.  at  15°  C. 

Density,  0*816. 

Temperature.  Observed  rotation. 

+   8°C.  +18°*5C. 
-35  20  -5 

•      -65  22  -3 

-85  24  -5 

—  95  25  -5 

Further  readings  were  impossible. 

The  curve  expressing  the  relation  between  temperature  and  observed 
rotation  was  found  to  be  practically  a  stmight  line,  and  the  value  of  the 
observed  i-otation  at  the  absolute  zero  would  be  about  37°.  The  rotator)- 
power,  therefore,  increases  with  diminishing  temperature  below  0®  C.  as  it 
does  above  this  temperature.  On  calculating  the  densities  of  the  solution  in 
the  same  rough  way  as  in  the  case  of  the  nicotine  solution,  we  get  the  density 
of  the  solution  at  —90°  C.  to  be  0*89,  and  hence  the  specific  rotatory  power 
would  be  about  +114°     By  extrapolation,  on  the  assumption  of  the  linear 
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law,  the  value  of  the  specific  rotatory  power  at  —273°  C.  is  found  to  be 
about  ]  56°. 

Solution  in  petroleum  ether  (B.  P.  30° — 35°  C),  20  grammes  in  100  c.c.  at 

15°  C. 

Temperature.  Observed  rotation. 

+    5°a  +19°-2C. 

-15  20-5 

-35  22-2 

-60  23-7 

-75  +24-2 

-95  26  0 

Further  readings  were  impossible. 

The  results  in  this  solvent  are  therefore  just  the  same  as  those  in  alcohol, 
the  rotatory  power  increases  with  diminution  of  temperature  and  would  be 
about  40°  at  absolute  zero,  if  the  linear  law  be  extended. 

Similar  results  have  been  obtained  with  a  number  of  other  substances  such 
as  menthol,  camphor,  ethyl  tartrate,  and  pinene,  but  on  account  of  the 
smaller  rotations  that  were  observed  they  were  not  so  regular  nor  so  con- 
clusive. It  would  therefore  appear  from  these  preliminary  observations  that 
the  rotatory  power  of  optically  active  carbon  compounds  in  solution  changes 
in  a  regular  manner  with  temperature  down  to  —120°  C.  and  that  the 
molecules  would,  in  all  probability,  still  exhibit  optical  rotatory  power  at 
much  lower  temperatures. 


\ 
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Address  of  the  President^  Lord  Rayhigh^  O.M.^  D.C.L,^  at  the 
Anniversary  Meeting  on  November  30,  1907. 

Since  the  last  Anniversary  the  Society  has  sustained  the  loss  of  twenty- 
five  Fellows  and  three  Foreign  Members. 
The  deceased  Fellows  are : — 

Thomas  Andrews,  Rev.  John  Kerr, 

Sir  Benjamin  Baker,  Sir  Leopold  McClintock, 

Sir  Dietrich  Brandis,  Dr.  Maxwell  Tylden  Masters, 

Sir  William  Heury  Broadbent,  Prof.  Alfred  Newton, 

Dr.  Alexander  Buchan,  Cornelius  O'Sullivan, 

Lord  Davey,  Sir  William  Henry  Perkin, 

Dr.  August  Dupr^,  Dr.  William  Henry  Eansom, 

Sir  Joseph  Fayrer,  Sir  Edward  James  Reed, 

Sir  Michael  Foster,  Dr.  Edward  John  Routh, 

Sir  William  Tennant  Gairdner,  Henry  Chamberlaine  Russell, 

Lord  GoRchen,  Prof.  Charles  Stewart, 

Sir  James  Hector,  Robert  Warington. 
Prof.  Alexander  Stewart  Herschel, 

The  Foreign  Members  are : — 

Marcellin  Berthelot,        Dmitri  Ivanovitch  Mendeleeff,        Henri  Moissan. 

From  the  length  of  this  list  it  will  be  seen  that  death  lias  been  unusually 
"busy  during  the  year.  It  includes  many  names  of  great  distinction,  of  whom 
I  can  refer  only  to  a  few. 

Sir  B.  Baker  was  a  Councillor  at  the  time  of  his  death,  and  was  well 
known  among  us  as  a  frequent  attendant  at  our  meetings  and  as  combining 
scientific  interests  with  the  highest  degree  of  successful  practice  in  his 
profession.  The  recent  catastrophe  in  America  will,  perhaps,  even  enhance 
his  reputation  as  the  designer  of  the  Forth  Bridge. 

.  In  Sir  Michael  Foster  we  have  lost  one,  to  whom  probably  more  than  to 
anyone  else  the  present  position  of  our  Society  is  due.  For  22  years 
he  held  the  office  of  Secretary,  during  about  half  of  which  time  I  was  his 
•colleague.  It  would  not  be  too  much  to  say  tliat  the  interests  of  the  Society 
and  a  desire  to  extend  its  usefulness  were  never  out  of  his  mind.  It  was 
inevitable  that  his  pronounced  views  and  his  energy  in  giving  efifect  to  them 
should  occasionally  arouse  opposition,  but  he  was  impelled  always  by  public 
spirit,  sometimes  to  the  detriment  of  his  own  private  interests.  His  work  for 
Cambridge,  for  the  Government  in  commissions  of  inquiry,  as  well  as  for  the 
Society,  constitute  a  lasting  claim  upon  the  gratitude  of  our  generation. 
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The  name  of  Kerr  will  go  down  to  posterity  as  the  discoverer  of  two 
remarkable  phenomena  in  Electro-Optics.  His  success  is  a  good  example  of 
what  may  be  accomplished  under  no  small  difficulties  by  courage  and 
perseverance. 

The  claims  of  Sir  W.  Perkin  as  the  pioneer  in  the  aniline  industry  and  as 
a  distinguished  worker  in  scientific  chemistry  have  recently  been  celebrated, 
and  are  recognised  all  over  the  world.  It  is  satisfactory  to  reflect  that, 
unlike  many  inventoi-s,  he  met  with  full  appreciation  during  his  lifetime. 

Dr.  Kouth's  name  is  one  that  I  cannot  allow  to  pass  without  a  word.  I  was 
indebted  to  him  for  mathematical  instruction  and  stimulus  at  Cambridge,  and 
I  can  still  vividly  recall  the  amazement  with  which,  as  a  freshman,  I  observed 
the  extent  and  precision  of  his  knowledge,  and  of  the  rapidity  with  which  he 
could  deal  with  any  problem  presented  to  him.  His  book  on  Dynamics  is. 
well  known.  In  its  earlier  editions  it  illustrated,  perhaps,  rather  the  vicea 
than  the  virtues  of  the  Cambridge  School,  but  it  developed  later  into  a  work 
of  first-rate  importance.  I  have  always  been  under  the  impression  that 
Routh*s  scientific  merits  were  underrated.  It  was  erroneously  assumed  that 
so  much  devotion  to  tuition  could  leave  scope  for  little  else. 

On  the  foreign  list  we  have  to  lament  three  chemists  of  high  distinction,. 
Berthelot  and  Mendeleeff,  though  still  active,  had  attained  old  age ;  but  in 
Moissan  we  lose  one  from  whom  much  more  might  have  been  expected.  All 
three  have  been  recipients  of  our  medals. 

An  important  feature  in  the  work  of  the  Eoyal  Society  consists  of  various^ 
enquiries,  undertaken  for  different  Departments  of  Government,  in  regard 
to  diseases  which  affect  the  tropical  portions  of  our  foreign  possessions  and 
dependencies.  Among  these  diseases  the  attention  of  the  civilised  world  has- 
been  for  some  years  directed  to  the  malady  known  as  Sleeping  Sickness.  Tlie 
first  concerted  action  for  the  study  and  combating  of  this  apalling  scourge  arose 
out  of  a  representation  made  by  the  Koyal  Society  to  the  Foreign  Office  in. 
the  spring  of  1902,  in  consequence  of  which,  at  the  request  of  the  Treasury,. 
the  Society's  Malaria  Committee  organised  and  despatched  a  small  scientific 
commission  to  Uganda.  In  the  course  of  a  short  time  the  source  of  the- 
disease  was  traced  by  this  Commission  to  the  presence  of  a  tiypanosome  in 
the  blood  and  cerebro-spinal  fluid  of  the  victims,  and  the  further  discovery 
was  also  made  by  the  same  Commission  that  the  trypanosomes  are  carried  by 
a  species  of  biting  tsetse-fly.  These  important  revelations  were  followed  up- 
by  detailed  studies  of  the  character  and  distribution  both  of  the  disease  and 
of  the  fly.  Besides  sending  out  a  succession  of  observers  to  prosecute  the 
investigations  of  its  Commission  at  Entebbe,  the  Koyal  Society  urged  upon 
the  Colonial   Office   the    necessity    of   organising,  and    under  an  increased 
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ical  staff,  a  more  comprehensive  enquiry  into  the  local  conditions  under 
3h  the  disease  is  propagated.  This  recommendation  was  carried  out  and 
B  valuable  information  on  the  subject  has  been  obtained.  Meanwhile, 
igh  various  drugs  liad  been  tried  with  at  best  only  temporary  success, 
lasting  remedy  had  been  found  for  the  malady,  which  has  continued  to  be 
I  and  to  spread  steadily  over  Central  and  East  Afiica.  The  various 
opean  Grovernments  which  have  possessions  in  those  regions  have  at  last 
rmined  to  make  a  united  effort  to  cope  with  Sleeping  Sickness  through 
instrumentality  of  an  International  Conference  having  fi  separate  bureau 
lach  country  concerned  and  a  central  bureau  in  London.     The  object  of 

co-operation  will  be  to  collect  information  bearing  on  the  disease,  to 
se  and  carry  out  such  scientific  researches  as  may  seem  to  be  necessary 
to  concert  measures  for  dealing  with  the  disease  and  the  populations 
jted  or  likely  to  be  affected  by  it.     The  Eoyal  Society,  having  led  the 

in  this  subject,  has  been  invited  to  give  the  proposed  combined  inter- 
onal  action  its  support.  The  Society  welcomes  the  proposal  and  will  b^ 
pared  to  render  every  assistance  in  its  power.  In  the  meantime  our 
Dical  Diseases  Committee  is  continuously  and  actively  engaged  in  the 
javour  to  discover  a  drug  that  may  prove  effective  in  the  treatment  of  the 
ise.  Their  investigations  have  been  directed  to  the  study  of  trypano- 
lasis  in  rats  and  the  latest  results  obtained  are  such  as  to  encourage  the 
i  that  at  least  in  this  direction  their  labours  have  been  successful, 
uring  the  present  year  three  parts  of  the  Eeports  of  the  Society's 
iterranean  Fever  Commission  have  been  published,  embodying  the  final 
rvations  and  conclusions  in  this  important  enquhy,  which  was  undertaken 
le  joint  request  of  the  Admiralty,  War  Office,  and  Colonial  Office.  It  is 
often  that  a  difficult  investigation  of  this  kind  can  be  brought  to 
ccessful  conclusion  in  so  short  a  time  as  two  years  and  a-half,  and  the 
0U8  members  of  the  Commission  are  deserving  of  the  warmest  com- 
dation  for  the  skill,  zeal,  and  promptitude  with  which  they  have  solved 
problem  submitted  to  them.  They  have  shown  how  the  scourge  of  fever, 
5h  has  been  so  long  rife  in  Malta,  and  has  so  seriously  reduced  the 
igth  of  our  garrison  there,  may  be  eventually  banished  from  the  island. 
lady  their  recommendations,  so  far  as  they  have  been  followed,  have 
ced  the  amount  of  fever  to  trifling  proportions.  It  now  remains  for  the- 
orities  to  adopt  the  further  precautions  pointed  out  to  them,  which  will 
ably  banish  the  disease  altogether. 

have  continued  to  preside  at  the  Meetings  of  the  Executive  Committee 
le  National  Physical  Laboratory. 
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The  work  of  the  Laboratory  has  grown  greatly  during  the  year.  The 
addition  to  the  Engineering  Building  and  the  new  building  for  Metallurgical 
Chemistry  are  completed  and  are  now  occupied,  while  the  building  for 
Metrology  is  very  nearly  finished. 

A  new  100-ton  testing  machine,  one  of  Messrs.  Buckton's  latest  patterns, 
has  been  installed,  and  the  increased  accommodation  in  the  Engineering 
Laboratory  enables  the  work  there  to  proceed  more  easily  and  rapidly. 

Great  progress  has  been  made  in  the  equipment  of  the  Electro-technical 
Laboratory,  and  research  and  test-work  can  now  go  on  there  in  a  rapid  and 
systematic  manner. 

The  question  of  the  Commercial  Testing  undertaken  by  the  Laboratory 
has  been  the  subject  of  investigation  by  a  Treasury  Committee,  before  which 
I  was  summoned  to  give  evidence.  It  is  understood  that  the  report  of  this 
Committee  may  be  expected  shortly. 

Progress  has  been  made  with  the  buildings  at  Eskdale  Muir,  some  df 
which  are  now  ready  for  occupation.  It  was  hoped  that  the  work  might 
have  begun  this  summer,  and  the  Treasury  have  provided  a  sum  of  £750  for 
the  expenses  during  three-quarters  of  the  current  financial  year.  Owing  to 
the  bad  weather  in  the  early  summer  this  anticipation  hew  not  been  realised, 
but  a  start  will  be  made  very  shortly.  The  buildings  are  admirably  adapted 
for  their  purpose,  and  will  render  possible  the  study  of  terrestrial  magnetism 
under  the  undisturbed  conditions  which  used  to  exist  at  Kew. 

A  list  of  the  more  important  researches  is  published  in  the  Report  of  the 
Laboratory.  Among  these  may  be  mentioned  those  by  Dr.  Harker  on  the 
Kew  Scale  of  Temperature  and  its  relation  to  the  International  Hydrogen 
Scale ;  Mr.  Paterson's  paper,  read  before  the  Institution  of  Electrical 
Engineers — "  Investigations  of  Flame  Standards  and  the  Present  Performance 
of  High-voltage  Lamps " ;  and  the  eighth  report  of  the  Alloys  Eesearch 
Committee,  by  Dr.  Carpenter  and  Mr.  Edwards,  on  the  Properties  of  Alloys 
of  Aluminium  and  Copper.  Professor  Ayrton,  Mr.  Mather,  and  Mr.  Smith 
have  finished  their  work  on  the  Ampere  Balance,  and  the  paper  is  now  being 
published  in  the  *  Philosophical  Transactions/  while  papers  on  the  Silver 
Voltameter  and  the  Weston  Cell  are  also  in  the  press. 

Dr.  Stanton  and  Mr.  Bairstow  have  completed  a  further  research  on  the 
measurement  of  wind  pressure,  and  are  well  advanced  with  the  investigation 
into  methods  of  impact-testing. 

Other  researches  in  progress  are  those  on  the  measurement  of  small 
inductances  and  capacities,  with  a  view  to  the  standardisation  of  the  wave- 
lengths used  in  wireless  telegraphy,  on  alloys  of  copper,  aluminium,  and  man- 
ganese, for  the  Alloys  Pesearch  Committee,  and  on  the  properties  of  eutectics. 
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The  completion  of  the  work  on  the  electrical  units  will  be  satisfactory  to 
those  who  have  been  interested  in  this  question.  At  the  time  of  my  own 
researches  about  twenty-five  years  ago,  the  ohm  and  the  ampere  were 
uncertain  to  2  or  3  per  cent.,  and  I  then  scarcely  hoped  to  get  nearer  than 
one  part  in  a  thousand.  The  recent  work  carried  on  at  Bushey  would  seem 
to  indicate  that  an  accuracy  of  one  part  in  ten  thousand  may  have  been 
attained.  The  possibility  of  such  a  refinement  depends  largely  upon  the  use 
in  the  instruments  of  coils  composed  of  a  single  layer  of  wire,  the  position  of 
every  turn  of  which  is  open  to  exact  deteimination.  The  importance  of  thia 
feature  was  insisted  upon  by  the  late  Professor  Jones. 

Accuracy  of  measurement  appeals  less  to  the  lay  and  scientific  public 
than  discoveries  promising  to  open  up  new  fields ;  but  though  its  importance 
at  any  particular  stage  may  be  overrated,  it  promotes  a  much  needed 
consolidation  and  security  in  the  scientific  edifice.  A  remarkable  example 
of  enhanced  accuracy  is  afforded  by  modern  measurements  of  luminous 
wave-lengths,  for  which  we  are  mainly  indebted  to  our  Copley  medallist 
Not  only  did  he  introduce  the  vacuum  tube  charged  with  mercury  or 
cadmium  as  the  best  source  of  homogeneous  light,  but  by  a  most  able  use  of  an 
ingenious  method  he  determined,  with  the  highest  precision,  the  values  of  the 
cadmium  red,  green,  and  blue  wave-lengths  in  terms  of  one  another,  and  of 
the  metre.  His  work  has  been  skilfully  followed  up  by  Fabry  and  Perot, 
and  numerous  wave-lengths  are  now  known  with  a  relative  accuracy  of  one- 
millionth  part.  When  we  reflect  upon  the  almost  ultra  microscopic  magni- 
tude of  a  wave-length  of  light,  the  possibility  of  such  an  achievement  may 
well  excite  our  astonishment. 

For  the  advancement  of  science  the  main  requirement  is,  of  course,  original 
work  of  a  high  standard,  adequately  explained  and  published.  But  this  is 
not  enough.  The  advances  so  made  must  be  secured,  and  this  can  hardly  be, 
unless  they  are  appreciated  by  the  scientific  public.  In  some  branches  of 
Pure  Mathematics  it  is  said  that  readers  are  scarcer  than  writers.  At  any 
rate  the  history  of  science  shows  that  important  original  work  is  liable  to  be 
overlooked  and  is  perhaps  the  more  liable  the  higher  the  degree  of  originality. 
The  names  of  T.  Youpg,  Mayer,  Carnot,  Waterston,  and  B.  Stewart,  will 
suggest  themselves  to  the  physicist ;  and  in  other  branches,  doubtless,  similar 
lists  might  be  made  of  workers  whose  labours  remained  neglected  for  a  shorter 
or  a  longer  time.  In  looking  into  the  more  recent  progress  of  Geometrical 
Optics,  I  have  been  astonished  to  find  how  little  correlation  there  has  been 
between  the  more  important  writings.  That  Coddington  should  have 
remained  unknown  in  Germany  and  von  Seidel  in  England  need  not  greatly 
surprise  us ;  but  in  this  subject  it  would  appear  that  a  man  cannot  succeed  in 
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making  even  his  own  countrymen  attend  to  him.  Coddington  seems  to  have 
hoard  nothing  of  Cotes  and  Smith,  and  Hamilton  nothing  of  Airy  and 
Coddington. 

It  is  true  that  no  two  writers  on  theoretical  subjects  could  dififer  more  in 
taste  and  style  than  do  Hamilton  and  Coddington.  The  latter  addressed 
himself  to  special  problems,  the  solution  of  which  seemed  to  have  practical 
importance.  Among  his  achievements  was  the  rule  relating  to  the  curvature 
of  images,  generally  known  as  Petzval's,  although  Petzval's  work  was  of 
much  later  date.  Hamilton,  on  the  other  hand,  allowed  his  love  of  generality 
and  of  analytical  developments  to  run  away  with  him.  In  his  Memoir  on 
Systems  of  Rays,  with  its  elaborate  and  rambling  supplements,  there  is  little 
to  interest  the  practical  optician,  though  the  mark  of  genius  is  throughout 
apparent.  It  was  only  in  two  or  three  pages  of  a  later  paper  thsrt;  he  applied 
his  powerful  methods  to  the  real  problem  of  Optics,  As  Finsterwalder 
has  remarked,  his  "  six  radical  constants  of  aberration,"  expressing  the  general 
properties  of  a  symmetrical  instrument,  are  at  once  an  anticipation  and  a 
generalisation  of  von  Seidel's  theorems.  But  the  published  work  is  the  barest 
possible  summary.  If  Hamilton  had  been  endowed  with  any  instinct  for 
Optics  proper,  he  could  have  developed  these  results  into  a  treatise  of  first-class 
importance.  In  more  recent  times  Hamilton's  footsteps  have  been  followed 
by  Maxwell  as  well  as  by  Thiesen  and  Bruns,  of  whom  the  two  latter  do  not 
seem  to  have  realised  that  Hamilton  (or  even  Maxwell)  had  concerned  himself 
with  the  subject  at  all.  The  natural  development  of  Hamilton's  ideas  will 
be  found  in  an  able  memoir  by  Schwarzschild  (1905). 

I  have  spoken  of  English  work  that  lay  neglected,  but  a  scarcely  less 
notable  instance  is  the  splendid  discovery  of  the  microscopic  limit  by 
Fraunhofer,  a  man  who  combined  in  the  highest  degree  practical  skill  with 
scientific  insight.  Thanks  to  the  researches  of  Abbe  and  Helmholtz,  it  is 
now  well  known  that  there  is  a  world  that  lies  for  ever  hidden  from  our 
vision,  however  optically  aided  ;  but  neither  of  these  eminent  men  realised 
that  the  discovery  had  been  anticipated  by  Fraunhofer.  Some,  perhaps,  may 
doubt  whether  Fraunhofer's  argument,  founded  upon  the  disappearance  of 
spectra  from  gratings  of  extreme  fineness,  is  of  adequate  cogency.  To  this 
I  may  reply  that  I  was  myself  convinced  by  it  in  1870,  before  either 
Abbe  or  Helmholtz  had  written  a  word  upon  the  subject. 

Enough  lias  probably  been  said  to  illustrate  my  contention  that  much  loss 
has  ensued  from  ignorance  and  neglect  of  work  already  done.  But  is  there 
any  remedy  ?  I  think  there  ought  to  be.  In  all  the  principal  countries  of 
the  world  we  have  now  a  body  of  men  professionally  connected  with  science 
in  its  various  departments.     No  doubt  the  attention  of  many  of  these  is  so 
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<«ngro8sed  by  teaching  that  it  would  be  hard  to  expect  much  more  from 

them,  though  we  must  remember  that  teaching  itself  takes  on  a  new  life 

"when   touched   with    the    spirit   of    original  enquiry.      But  in  the  older 

XTniversities,  at  any  rate,  the  advancement  of  science  is  one  of  the  first 

duties  of  Professors.     Actual  additions  to  knowledge  occupy  hero  the  first 

;3)lace.     But  there  must  be  many  who,  from  advancing  years  or  for  other 

treasons,   find  themselves   unable   to  do   much   more  work    of    this   kind. 

Ht  is  these  I  would  exhort  that  they  may  fulfil  their  function  in  another 

^^?ay.     If  each  man   would  mark  out  for  himself  a  field — it  need   not  be 

snore  than  a  small  one — and  make  it  his  business  to  be  thoroughly  con- 

^versant  with  all  things  new  and  old  that  fall  within  it,  the  danger  of  which 

ZL  have  spoken  would  be  largely  obviated.     A  short  paper,  a  letter  to  a 

-scientific  newspaper,  or  even  conversation  with  friends  and  pupils,  would 

:srescue  from  oblivion  writings  that  had  been  temporarily  overlooked,  thereby 

advancing  knowledge  generally  and  sometimes  saving  from  discouragement 

-^m  unknown  worker  capable  of  further  achievements.     Another  service  such 

experts  might  render  would  be  to  furnish  advice  to  younger  men  desirous  of 

X>ursuing  their  special  subject. 

The  readers  of  whom  I  have  been  speaking  are  experts  capable  of 
•^Mlvancing  science  themselves  and  of  helping  others  to  do  so.  But  there  is 
•smother  class  of  possible  readers  of  scientific  books  on  behalf  of  whom 
^  wish  to  make  an  appeal.  We  who  are  dependent  upon  sight  in  almost 
-everything  that  we  do  must  specially  sympathise  with  those  unfortunates 
'vrho  are  deprived  of  this  most  precious  gift.  A  movement  is  on  foot,  and 
tas  already  received  valuable  support,  to  promote  the  publication  of  standard 
scientific  works  in  embossed  type  suitable  for  the  use  of  the  blind.  Such 
publication  is  costly  and  can  hardly  be  undertaken  upon  an  adequate  scale 
without  external  aid.  My  friend,  Mr.  H.  M.  Taylor,  a  Fellow  of  this  Society, 
tells  me  that  in  the  course  of  the  last  12  months  he  has  written  out  the 
whole  of  Mr.  C.  Smith's  Elementary  Algebra  in  Braille  type,  has  afterwards 
read  the  copy  with  his  fingers  and  again,  later,  read  the  whole  in  proof. 
There  can  be  no  doubt  that  books  in  embossed  type  on  such  subjects  as 
2^echanics,  Physics,  Astronomy,  Geology,  not  to  mention  the  various  Biological 
Sciences,  would  be  an  immense  boon  to  many  blind  readers.  I  commend  the 
proposal  heartily  to  your  notice. 

Another  remedy  for  the  confusion  into  which  scientific  literature  is  liable 
to  fall  may  lie  in  the  direction  of  restricting  the  amount  of  unessential 
detail  that  is  sometimes  prevalent  in  the  publication  of  scientific  results.  In 
comparing  the  outputs  Qf  the  present  time,  and  of,  say,  30  years  ago,  the 
most  striking  feature  that  appears  is  doubtless  the  increase  of  bulk,  in  recent 
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years  coming  especially  from  young  workers  stimulated  by  the  healthy 
encouragement  of  direct  research  as  a  part  of  scientific  education.  But 
I  think  it  may  also  be  observed,  and  not  alone  in  the  case  of  such  early 
dissertations,  that  there  is,  on  the  whole,  less  care  taken  for  the  concise 
presentation  of  results,  and  that  the  main  principles  are  often  submerged 
under  a  flood  of  experimental  detail.  When  the  author  himself  has  not 
taken  the  trouble  to  digest  his  material  or  to  prepare  it  properly  for  the 
press,  the  reader  may  be  tempted  to  judge  of  the  care  taken  in  the  work 
from  the  pains  taken  in  its  presentation.  The  tendency  in  some  subjects*  to 
-submit  for  immediate  publication  the  undigested  contents  of  note-books  is 
one  that  we  hear  much  of  at  the  present  time.  It  is  a  matter  that  is 
difficult  for  publishing  bodies  to  deal  with,  except  by  simple  refusal  of 
imperfectly  prepared  material,  with  its  danger  of  giving  offence  to  authors  of 
recognised  standing,  but  it  seems  not  unlikely  that  at  present  public 
scientific  opinion  would  endorse  such  a  course  of  action.  A  related  difficulty 
and  one  that  contributes  to  this  trouble,  is  the  tendency,  noticeable  in  some 
public  scientific  organisations,  to  imagine  that  their  activity  is  estimated  by 
the  number  of  pages  of  printed  matter  they  can  produce  in  the  year. 
Probably  no  consideration  is  further  removed  than  this  from  the  minds  of 
the  educated  public,  whose  judgment  is  alone  worth  considering. 


MEDALLISTS,  1907. 
Copley  Medal. 

The  Copley  Medal  is  awarded  to  Professor  Albert  Abraham  Michelson, 
Por.  Mem.  E.S.,  on  the  ground  of  his  experimental  investigations  in  Optics. 

In  1879,  Michelson  brought  out  a  determination  of  the  velocity  of  light 
by  an  improved  method,  based  on  Foucault's,  which  gave  299,980  kilometres 
per  second.  Three  years  later,  by  means  of  a  modification  of  the  method, 
capable  of  even  greater  precision,  he  found  for  this  constant,  of  fundamental 
importance  for  electric  as  well  as  optical  science,  the  value  of  299,853 
kilometres. 

Michelson  has  been  a  pioneer  in  the  construction  of  interferometers,  which 
are  now  indispensable  in  Optics  and  Metrology.  With  his  new  instrument, 
at  Paris,  he  determined  the  absolute  wave-lengths  of  the  red,  green,  and 
blue  lines  of  cadmium  by  counting  the  number  of  fringes  (twice  the 
number  of  wave-lengths)  corresponding  to  the  length  of  the  standard  metre 
of  the  Bureau  International  des  Poids  et  Mesures.  He  found  the  metre  to 
be  1,553,164  times  the  wave-length  of  the  red  line  of  cadmium,   a  result 
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which  is  almost  in  exact  agreement  with  the  redetermination  last  year  by 
Perot  and  Fabry.  Michelson  thus  proved  the  feasibility  of  an  absolute 
standard  of  length,  in  wave-lengths,  of  such  accuracy,  that  if  the  standard 
metre  were  lost  or  destroyed,  it  could  be  replaced  by  duplicates  indistinguish- 
able from  the  original 

He  had  the  greatest  share  in  the  elaboration  of  precise  experiments  on  the 
relative  motion  of  ether  and  matter.  He  repeated  in  an  improved  form 
FresneFs  experiment  of  the  speed  of  light  in  moving  media,  using  water  and 
sulphide  of  carbon.  He  found  that  tlie  fiaction  of  the  velocity  of  the  water 
by  which  the  velocity  of  light  is  increased  is  0  434,  with  a  possible  error  of 
±  0*02.  The  fact  that  the  speed  is  less  in  water  than  in  air  shows 
experimentally  that  the  corpuscular  theory  is  erroneous;  but  his  results, 
moreover,  established  the  correctness  of  FresneFs  formula  for  the  effect,  the 
theory  of  which  has  since  become  well  understood. 

In  conjunction  with  E.  W.  Morley,  he  devised  and  carried  out  a  very 
remarkable  method  by  which,  on  the  assumption  of  ether  at  rest,  an  effect 
depending  on  quantities  of  the  order  (r/V)^  would  appear  to  be  appreciable. 
No  displacement  of  the  fringes  was  found.  Of  this  result  the  simplest 
explanation  woidd  be  that  the  ether  near  the  earth  partakes  fully  in  its 
orbital  motion  ;  but  modern  electric  and  optical  science  appears  to  demand  a 
quiescent  ether,  and  the  existence  of  this  and  similar  null  results  is  funda- 
mental for  its  theory. 

He  has  shown  the  possible  application  of  the  Interferometer  method  to 
Astronomy,  by  himself  measuring  the  diameters  of  the  four  satellites  of 
Jupiter,  which  are  only  about  one  second  of  arc.  He  suggests  the  further 
application  of  the  instrument  to  such  of  the  fixed  stars  as  may  not  subtend 
less  than  one-hundredth  of  a  second  of  arc. 

In  1898,  Michelson  constructed  a  spectroscope  which  enables  us  to  make 
use  of  the  great  resolving  powers  of  the  very  high  orders  of  spectra  which 
are  absent  in  the  use  of  the  ordinary  grating,  and  with  the  added  advantage 
of  having  most  of  the  light  in  one  spectrum.  The  echelon  consists  of  a  pile 
of  glass  plates  of  precisely  equal  thickness,  wliich  overlap  by  an  equal 
amount ;  with  it  spectral  lines  which  appear  single  with  the  most  powerful 
gratings  can  be  resolved  into  components.  This  instrument  has  been  espe- 
cially useful  for  the  direct  observation  of  the  important,  because  definite, 
influence  of  magnetism  on  light,  discovered  by  Zeeman.  With  30  plates, 
and  using  the  2o,000th  spectrum,  the  echelon  has  a  resolving  power  of 
750,000,  while  the  most  powerful  gratings  do  not  exceed  100,000. 

In  connection  with  the  analysis  of  radiations,  he  has  constructed  and  used 
various   machines   for   the  analysis  of   periodic  motions.     For  example,   in 
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conjunction  with  Stratton,  he  perfected  a  remarkable  machine  which  is  based 
on  the  equilibrium  of  a  rigid  body  under  the  action  of  springs. 

Professor  Michelson  has  also  investigated  by  his  Interferometer  the 
important  subject,  both  theoretically  and  practically,  of  the  breiMlth  and  the 
structure  of  spectral  lines,  including  the  efTect  of  a  magnetic  field,  and  in 
various  other  ways  his  genius  has  opened  up  new  groimd  in  experimental 
Optics. 

EoYAL  Medals. 

One  of  the  Eoyal  Medals  has  been  awarded,  with  the  approval  of  His 
Majesty,  to  Dr.  Ernest  William  Hobson,  F.R.S. 

During  the  last  20  years  Dr.  E.  W.  Hobson  has  been  distinguished  for  the 
fundamental  character  of  his  contributions  to  Mathematics  and  Mathematical 
Physics.  His  earlier  published  work,  from  1888  onwards,  deals  largely  with 
the  so-called  Harmonic  Analysis,  which  embraces  many  topics  having  for 
their  common  aim  the  solution  of  the  Potential  Equation  in  forms  suitable  for 
application  to  the  problems  of  Physics.  The  exhaustive  examination  of  the 
general  types  of  Harmonic  Functions  contained  in  his  paper  in  the 
'  Phil.  Trans.,'  1896,  has  been  found  to  be  of  high  utility  for  this  application. 
He  was  led  by  these  researches,  and  particularly  by  the  diflBculty  of  describing 
in  general  terms  the  characteristics  of  a  function  capable  of  being  represented 
by  Fourier's  series,  to  take  part  in  the  revision  of  the  logical  basis  of 
Differential  and  Integral  Calculus  which  is  now  in  progress ;  his  Presidential 
Address  to  the  London  Mathematical  Society,  in  1902,  on  the  questions  here 
arising,  aroused  general  interest  among  mathematicians ;  and  he  has  recently 
(1907)  published  an  extensive  volume,  dealing  with  the  whole  matter  and  its 
applications  to  the  theory  of  Fourier's  series,  which  is  of  great  importance  for 
the  history  and  development  of  Mathematics. 

His  Majesty  has  also  approved  the  award  of  a  Royal  Medal  to  Dr.  Ramsay 
H.  Traquair,  F.R.S. 

Dr.  Traquair  is  honoured  on  the  ground  of  his  long  continued  researches  on 
the  fossil  fishes  of  Palaeozoic  strata,  which  have  culminated,  within  the  past 
10  years,  in  his  discovery  of  new  groups  of  Silurian  and  Devonian  fishes,  and 
in  his  complete  exposition  of  the  structure  of  Drepannf^ins,  Fhli/denaspis,  and 
other  remarkable  forms. 

For  nearly  forty  years  Dr.  Traquair  has  been  busy  with  the  description  of 
fossil  fishes,  mostly  from  the  Palaeozoic  rocks  of  Scotland,  and  he  is  deservedly 
held  to  be  one  of  the  most  eminent  palaeontologists  of  the  day.  He  has  been 
highly  successful  in  the  interpretation  of  the  often  very  obscure  and  frag- 
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mentary  remains  which  he  has  had  to  elucidate,  and  his  restorations  of  fishes 
have  won  such  credit  as  to  appear  in  all  modern  text-books  of  Palaeontology. 
It  may  be  said  that  his  work,  notwithstanding  the  great  difiSculties  of  the 
subject,  has  well  stood  the  test  of  time. 

Dr.  Traquair  has  done  much  to  advance  our  knowledge  of  the  osteology  of 
fishes  generally.  His  earliest  memoirs  on  the  symmetrical  ^kull  of  flat- 
fishes and  on  the  skull  of  Polyptei^us  remain  models  of  exactness.  His 
acquaintance  with  osteology  enabled  him  to  show  how  former  superficial 
examination  of  the  Palaeozoic  fishes  had  led  to  wrong  interpretations.  He 
demonstrated  that  Chirolepis  was  not  an  Acanthodian,  as  previously  supposed, 
but  a  true  Palaeoniscid.  In  1877  he  satisfactorily  defined  the  Palaeoniscidse 
and  their  genera  for  the  first  time,  and  conclusively  proved  them  to  be  more 
nearly  related  to  the  Sturgeons  than  to  any  of  the  other  modern  Ganoids 
with  which  they  had  been  associated.  He  thus  made  an  entirely  new 
departure  in  the  interpretation  of  extinct  "fishes,  replacing  an  artificial 
classification  by  one  based  on  phylogeiietic  relationship.  His  later  memoir 
on  the  Platysomidse  wcw  equally  fundamental  and  of  the  same  nature. 

All  subsequent  discoveries,  many  made  by  Traquair  himself,  have  confirmed 
these  conclusions,  which  are  now  universally  accepted. 

In  1878,  Dr.  Traquair  demonstrated  the  Dipneustan  nature  of  the  Devonian 
IHpterjis,  and  somewhat  later  he  began  the  detailed  study  of  the  Devonian 
fishes.  His  latest  researches  on  the  Upper  Silurian  fishes  of  Scotland  are 
equally  important,  and  provide  a  mass  of  new  knowledge  for  which  we  are 
indebted  to  his  exceptional  skill  and  judgment  in  unravelling  the  mysteries 
of  early  Vertebrate  life. 

Davy  Medal. 

The  Davy  Medal  is  awarded  to  Professor  Edward  Williams  Morley. 

Professor  Edward  W.  Morley  is  well  known  both  to  chemists  and  to 
physicists  for  his  work  in  the  application  of  optical  interferences  and  other 
physical  phenomena  to  increase  the  accuracy  of  measurement.  Numerous 
valuable  papers  have  appeared,  either  in  collaboration  with  Professor 
Michelson  and  others,  or  in  his  own  name,  on  such  subjects.  Special 
reference  may  be  made  to  his  experiments,  in  conjunction  with  Professor 
Michelson,  on  the  fundamental  question  of  the  absence  of  effect  of  translatory 
motion  of  material  bodies  on  luminous  phenomena. 

His  claim  to  the  Davy  Medal  rests  on  grounds  closely  related  to  these 
researches ;  for  he  has  combined  thorough  mastery  of  accurate  measurement 
with  an  intimate  knowledge  of  modern  chemistry,  and  has  utilised  them  in 
bis  attempt  to  solve  one  of  the  most  difficult  and  fundamental  problems  of 
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chemical  science.  The  special  problem  to  which  he  has  consecrated  many 
years  of  his  life  is  the  determination  of  the  relative  atomic  weights  of 
hydrogen  and  oxygen ;  it  has  been  attacked  by  him  with  lure  insight  and 
skill,  and  with  indomitable  perseverance,  and  he  seems  to  have  settled 
it  for  many  years  to  come,  if  not  permanently.  All  the  recent  work  devoted 
to  this  problem,  and  there  has  been  much,  has  tended  to  establish  more 
firmly  the  ratio  arrived  at  by  Professor  Morley. 

His  determinations  of  the  absolute  weights  of  a  litre  of  hydrogen  and  of 
oxygen,  and  his  investigations  of  the  amounts  of  moisture  retained  by  gases 
dried  by  various  desiccating  agents,  are  of  the  very  greatest  importance  for 
scientific  progress. 

Sylvester  Medal. 

Professor  Wilhelm  Wirtinger,  of  Vienna,  is  the  recipient  of  the  Sylvester 
Medal. 

He  is  distinguished  for  the  importance  and  wide  scope  of  his  contributions 
to  the  general  Theory  of  Functions.  Our  knowledge  of  the  general 
properties  and  characteristics  of  functions  of  any  number  of  independent 
variables,  and  our  ideas  for  the  further  investigation  of  such  functions  are, 
for  the  most  part,  at  present  bound  up  with  the  Theory  of  Multiply- 
periodic  Functions,  and  this  Theory  is  of  as  great  importance  for  general 
Solid  Geometry  as  the  ideas  of  Abel  have  proved  to  be  for  the  Theory  of 
Plane  Curves.  Professor  Wirtinger  has  applied  himself  for  many  years 
to  the  study  of  the  general  problems  here  involved.  A  general  summary 
of  his  researches  is  given  by  liim  in  the  Abel  Centenary  volume  (xxvi,  1902) 
of  the  '  Acta  Mathematica/  Two  of  his  papers  may  be  particularly  referred 
to,  both  of  1895.  One  of  these  deals  with  the  reduction  of  the  Theory  of 
General  Multiply-periodic  Functions  to  the  Theory  of  Algebraic  Functions, 
with  a  view  to  their  expression  by  Theta  functions ;  this  was  one  of  the 
life  problems  of  Weierstrass,  who  did  not,  however,  during  his  lifetime, 
publish  anytliing  more  than  several  brief  indications  of  a  method  of  solution. 
Professor  Wirtinger's  memoir  obtains  a  solution,  and  is,  moreover, 
characterised  throughout  by  most .  stimulating  depth  and  grasp  of  general 
principles.  This  paper  was  followed  by  two  others,  one  continuing  the 
matter  in  detail,  the  other  making  an  application  of  its  principles  to  the 
general  Theory  of  Automorphic  Functions.  'Another  extensive  pai>er,  which 
obtained  tlie  lieneke  Prize  of  the  Royal  Society  of  Gottingen,  deals  with  the 
general  Theory  of  Theta  Functions.  In  it  he  obtained  results  of  far-reaching 
importance,  for  Geometry  as  well  as  for  the  Theory  of  Functions,  the  full 
development  of  which  will  require  many  yeai-s  of  work. 
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Hughes  Medal. 

?he  Hughes  Medal  is  awarded  to  Principal  Ernest  Howard  Griffiths. 
Principal  Griffiths  has  conferred  great  benefit  on  physical  science  by  his 
es  of  measurements  of  fundamental  constants,  mainly  in  the  domain  of 
rmal  and  electric  energy.  At  a  time  when  the  equivsJent  of  the  thermal 
t  in  mechanical  energy  stood  urgently  in  need  of  revision,  he  devoted 
iself  to  the  problem  with  all  the  refinements  and  patient  manipulation 
t  could  be  devised,  the  result  being  a  value  for  Joule's  equivalent  which 
once  acquired  authority  in  the  light  of  the  evidence  produced,  and 
;ely  confirmed  the  corrections  already  advanced  by  Rowland  and  others, 
iiain  cause  of  discrepancy  had  been  found  to  be  the  variation  of  the 
rmal  capacity  of  water  with  the  temperature;  and  by  an  investigation 
which  this  variation  was  determined,  Griffiths  elucidated  and  con-elated 
damentally  the  work  of  previous  observers,  from  Joule  onward.  Of 
iial  importance  also,  in  the  domain  of  chemical  physics,  was  an  investiga- 
L  of  the  depression  of  the  freezing  point  of  wat^r  by  very  dilute 
lixture  of  dissolved  substances,  wherein  he  verified,  with  all  the 
lement  of  absolute  physical  determinations,  that  the  change  of  freezing 
it  ran  exactly  parallel  to  the  electric  conductivity  when  the  dilution  of 
electrolysable  salt  was  comparable  to  that  of  gases,  being  twice  as  much 
inolecide  as  the  standard  value  of  the  depression  for  non-electrolytes. 

Buchanan  Medal. 

he  Buchanan  Medal  is  awarded  to  Mr.  William  Henry  Power,  C.B., 
.S.  Mr.  Power's  services  to  Hygienic  Science  and  Practice  have  extended 
r  a  period  of  more  than  thirty  years,  and  have  been  of  the  most  distin- 
ihed  kind.  He  has  himself  personally  conducted  successful  enquiries  into 
causes  of  the  spread  of  various  diseases,  and  has  obtained  results  which 
B  proved  of  the  greatest  benefit  to  mankind.  Moreover,  in  his  long  con- 
ion  with  the  medical  department  of  the  Local  Government  Board,  he  lias 
ined  and  directed  numerous  general  and  local  investigations  whei-eby  our 
wledge  of  disease,  and  of  the  methods  of  coping  with  it,  have  been  greatly 
eased.  The  medical  reports  issued  by  the  Local  Government  Board, 
sh  are  universally  regarded  as  among  the  most  important  contributions 
ur  time  to  this  subject,  have  for  many  years  past  been  either  written  by 
or  owe  much  to  his  editorial  criticism  and  supervision.  It  is  not  too 
'h  to  say  that  no  living  man  in  this  country  has  advanced  the  cause  of 
Qtific  hygiene  more  than  Mr.  Power,  or  is  more  worthy  of  the  distinction 
he  Buchanan  Medal 
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On  the  Non- Periodic  or  Residual  Motion  of  Water 

Moving  in  Stationary   Waves. 

By  Mrs.  Hertha  Ayrton. 

(Communicated  by  Professor  J.  H.  Poynting,  F.R.S.     Received  December  7,  1907, 

—Read  January  30,  1908.) 

[Plates  4—6.] 

It  is  well  known  that  when  water  moves  in  stationary  waves,  the  particles 
do  not,  like  penduhims,  simply  swing  to  and  fro,  returning  after  each 
oscillation  to  the  points  from  which  they  started;  but  that  each  element 
takes  up  a  new  position  after  each  oscillation,  so  that  it  traces  out  a  path 
for  itself,  only  returning  after  many  oscillations  to  its  starting  point.  Part 
of  this  non-periodic  or  residual  motion,  as  I  shall  call  it,  in  stationary  waves, 
has  been  traced  out  mathematically  by  Lord  Rayleigh.  The  object  of  the 
present  paper  is  to  show,  experimentally,  what  it  is,  as  completely  as 
possible. 

In  his  classic  paper  "  On  the  Circulation  of  Air  observed  in  Kundt's  Tubes, 
and  on  some  Allied  Acoustical  Problems,"  Lord  Rayleigh  examined,  among 
other  things,  the  influence  of  the  bottom  of  a  horizontal  vessel  on  the  motion 
of  water  moving  in  it  in  stationary  waves,  and  he  came  to  the  following 
conclusion :  calling  places  of  maximum  horizontal  motion  loops,  and  places  of 
maximum  vertical  motion  nodes,  "  near  the  bottom  the  fluid  rises  from  the 
bottom  over  the  nodes,  and  falls  back  again  over  the  loops,  the  horizontal 
motion  near  the  bottom  being  thus  directed  towards  the  nodes  and  from  the 
loops."  Quite  close  to  the  bottom,  on  the  contrary,  he  found  that  the  motion 
was  in  the  opposite  direction,  from  the  nodes  and  towards  the  loops.  Fig  1 
shows  these  two  sets  of  vortices  diagrammatically. 

B    ^  C  ^ ^      ^ 


A 
E 


Node 


Node  Loop  Node  Loop 

Fio.  1. — Diagram  of  Lord  Rayleigh's  Residual  Vortices  in  one  complete  stationary  wave 

of  water. 

In  the  course  of  some  experiments  on  the  motion  of  heavy  particles  under 
stationary  waves,  finding  that   it  was  necessary  to  trace  out  the  complete 
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a.  Instantaneous  Photograph  of  Water  permeated  with  Bronze  Powder,  oscillating  in  half  a  stationary  ^ 
0.  Diagram  of  Residual  Motion  indicated  by  Bronze  Powder  in  Water,  oscillating  in  half  a  stationary  ' 
ABC,  A'B'C,  Lord  llayleigh's  upper  vortices  ;  DEF,  D'E'F',  "end  vortices." 

(Shallow  water.) 


Level  of  wAter  at  resG 


Node  Loop  Node 

Fig.  4. 


a.  Instantaneous  Photogra}))!  of  Water  pciUR'ated    witli  Bronze  Powder,  oscillating  in  half  a  stationai'y 
^.  Diagram  of  KcsiJual   M«>ti<»n  indicated  by  Bronze  Powder  in  Water,  oscillating  in  half  a  stationary 
ABC\  A'B'C,  L«»rd  Kaykighs  u])per  vortircs  ;   DKF,  D'E'F',  ''end  vortices."     Depth  of  wat^r  nearl; 
a  wave-length. 
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residual  motion  of  the  water,  I  tried  to  render  this  visible,  oscillating  the 
water  in  the  simplest  possible  way,  i.e.,  in  time  with  its  natural  swing,  so 
that  it  formed  half  a  stationary  wave.  The  first  attempts,  which  were 
made  in  a  trough  3  feet  long,  were  entirely  unsuccessful :  I  found  it  impossible, 
with  the  help  of  any  visualising  ageut  I  could  think  of,  to  disentangle,  with 
the  eye,  the  residual  motion  from  the  to-and-fro  movement.  In  a  trough 
only  10  cm.  long,  however,  oscillated  in  the  same  way,  the  residual  motion 
to  within  less  than  a  millimetre  of  the  bottom  could  easily  be  seen,  even  when 
pepper  was  the  visualising  agent ;  but  still  better  when  this  was  replaced 
with  bronze  powder,  rubbed  down  in  a  little  gum  with  a  stiff  brush  and  then 
well  washed. 

As  a  certain  amount  of  residual  motion  continues  for  some  time  after 
the  oscillations  have  ceased,  a  good  way  to  observe  it  is  to  oscillate  the 
trough  till  plenty  of  bronze  powder  has  been  set  in  motion,  and  then  to 
bring  it  to  rest.  When  this  was  done  with  the  little  10-cm.  trough. 
Lord  Eayleigh's  upper  vortices,  ABCD,  etc.  (fig.  1)  were  clearly  discernible 
(inner  vortices,  fig.  2,  Plate  5)  though  the  motion  of  the  thin  layer  quite  close 
to  the  bottom  could  not  be  detected  in  this  particular  way.  What  was  plain, 
however,  was  that  there  was  some  residual  motion,  even  quite  near  to  the 
bottom,  that  could  not  be  accounted  for  by  either  of  Lord  Eayleigh's  two  sets 
of  vortices;  for  instead  of  his  upper  pair  spreading  horizontally  along  the 
whole  length  of  the  trough,  as  they  should  have  done,  they  occupied  a  part  of 
the  length  only — at  the  middle — and  were  flanked  on  either  side  by  much  more 
active  vortices,  that  monopolised  the  whole  of  the  ends  of  the  trough  from 
top  to  bottom.  Moreover,  the  horizontal  space  occupied  by  each  of  the  two 
sets  of  vortices  varied  with  the  depth  of  the  water.  When  this  was  small 
compared  with  its  length — say  1  cm.  deep  to  10  cm.  long — Lord  Eayleigh's 
upper  vortices  (ABC,  A'B'C,  )8,  fig.  3),  took  up  most  of  the  length  of  the 
trough,  and  the  end  vortices  (DEF,  D'E'F',  )8,  fig.  3)  occupied  very  little  room 
at  the  bottom,  although  they  always  met  in  the  middle  near  the  top  of  the 
water.  As  the  water  was  deepened,  however,  the  end  vortices  became  longer 
and  the  middle  ones  shorter  (fig.  4,  Plate  4)  till,  with  water  as  deep  as  half  a 
wave-length,  the  middle  vortices  were  practically  squeezed  out  of  existence 
by  the  expanded  "  end  vortices  "  (fig.  5),  while  small  corner  vortices  with  a 
languid  movement  appeared  at  F  and  F'  (fig.  5).  For  these  experiments  with 
deep  water  I  found  aluminium  powder  better  than  bronze  powder,  on  account 
of  its  lightness. 

This  visual  test,  therefore,  brings  out  one  very  important  point,  namely, 
that  the  complete  residual  motion  of  the  water,  even  quite  close  to  the 
bottom,  is  dependent  on  the  depth  of  the  water  compared  with  the  length  of 
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the  stationary  wave,  and  cannot  be  determined  without  taking  that  relation 
into  account. 


Fig.  5. — Diagram  of  Besidual  Motion  indicated  by  Bronze  Powder  in  half  a  stationary 
wave.     Depth  of  water  greater  than  half  a  wave-length. 


The  foregoing  experiments  were,  as  I  have  mentioned,  made  with  water 
moving  in  half  a  stationary  wave,  so  that  the  loop  was  at  the  middle  of  the 
trough,  and  the  two  nodes  were  at  the  ends.  It  now  seemed  important 
to  find  out  whether  the  "  end  vortices  "  would  come  into  play  at  any  node,  or 
whether  they  only  appeared  at  nodes  at  the  ends  of  the  vessel.  Accord- 
ingly I  oscillated  the  water — still  permeated  with  bronze  powder — in  such 
a  way  as  to  obtain  three  loops  and  four  nodes,  i.e.,  in  one  and  a  half 
stationary  waves.  Immediately  double  "  end  vortices "  came  into  play 
at  each  of  the  two  interior  nodes,  as  well  as  the  single  ones  at  the  end 
nodes,  so  that  the  residual  vortices  appeared  as  shown  diagrammatically 
in  fig.  6. 

Thus,  what  I  have  called  "  end  vortices  "  are  not  confined  to  the  ends  of 
the  trough ;  they  come  into  play  at  each  node  of  any  series  of  stationary 
waves. 

The  almost  vertical  light  line  down  the  middle  of  the  trough  in  a  (fig.  4) 
is  a  good  example  of  what  is  seen  in  all  experiments  with  stationary  waves 
in  water  permeated  with  visualising  powder.     At   each  vertical  plane   of 
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a.  Instantaneous  Photograph  of  Curves  formed  during  first  few  Oscillations  in  Water  moving  in  half  a  stationai 
wave,  by  water-colour  stain  placed  along  bottom  of  trough.  j8.  Diagram  of  Curves  showing  Residual  Motio 
in  Water  moving  in  half  a  stationary  wave  during  first  few  oscillations. 


Fig.  2. — Instantaneous  Photograph  of  Water 
permeated  with  Bronze  Powder,  just  after 
it  has  cease<l  oscillating  in  half  a  stationary 
wave. 


Fig.  8.— Instantaneous  Photograph  of  Curves 
formed,  during  first  few  Oscillations  in 
Water  moving  in  half  a  stationary  wave, 
by  water-colour  stain  placed  near  middle  of 
bottom  of  trough  on  one  side. 
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demarcation  between  two  residual  vortices  such  a  line  is  visible.     These 
planes  occur,  as  is  clear  from  fig.  6,  at  all  the  loops  and  at  all  the  nodes, 
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Nocfe  toop  l^ocJe  Loop  Hocfe  Loop 

Fio.  6. — Diagram  of  Eesidual  Vortices  indicated  by  Bronze  Powder  in  Water  oscillating 
in  one  and  a  half  stationary  waves. 

except  the  end  ones,  of  any  system  of  stationary  waves.  In  a  (fig.  4)  where 
water  oscillating  in  half  a  stationary  wave  is  depicted,  there  is  one  single^ 
vertical  plane  of  demarcation  only,  viz.,  at  the  loop,  which  is  at  the  middle- 
of  the  trough,  hence  the  vertical  line  in  the  middle. 

I  have  said  that  the  visualising  powder  only  enables  one  to  follow  the 

residual  motion  of  the  water  to  within  a  millimetre  or  so  of  the  bottom 

of  the  trough.     That  means  that  Lord  Eayleigh's  thin  vortices  (DAEF,  etc., 

fig.  1)  cannot  be  detected  by  means  of  it.     I  noticed,  however,  that  when  the 

water  was  quite  clear  and  only  a  thin  layer  of  powder,  or  a  small  drop 

of  water  stained  with  water-colour  paint,  rested  at  the  bottom,  this  rose, 

daring  the  first  few  oscillations,  in  the  shape  shown  in  fig.  7,  moving  in  the 

directions  indicated  by  the  arrows  in  the  diagram  (j3,  fig.  7).     Here  ABCD 

and  A'B'C'D'  were  clearly  Lord  Eayleigh's  upper  vortices,  and  what  went 

on  close  to  the  bottom  could  be  inferred  from  the  fact  that  a  clear  space  of 

i^ater  devoid  of  powder  quickly  formed  between  AB,  for  instance,  and  the 

Attorn,  while  the  powder  continued  to  be  carried  along  AB   and   thence 

upwards  to  C  and  down  again  to  D.     The  inference  was  that  the  powder  at 

the  bottom  was  being  driven,  by  the  residual  current  there,  in  the  direction 

:irom  E  to  A,  so  that  it  all  gradually  got  carried  away  from  the  bottom  back 

mloug  AB,  up  BC,  and  so  on.     If  this  were  so,  then  I  had  ocular  proof  of  a 

^part  of  Lord  Eayleigh's  thin  vortices  (DAEF,  etc.,  fig.  1)  between  AB  and 

tihe  bottom  (ff,  fig.  7) ;  for  the  powder  and,  therefore,  the  residual  current, 

^ent  from  the  nodes  E,  E',  towards  the  loop  A  along  the  bottom,  and  from 

the  loop  towards  the  nodes  along  AB,  AB'. 
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'  To  make  WUfe  dial  tliiH  infciGnco  was  correct,  T  uslhI  clear  water  Witliout 
powder,  and  squirted  oa  to  tile  bottom  of  tbe  troii^  witk  a  fOB^fiUer,  a 
bright  green  solution  near  the  left  end,  and  a  bright  ydlow  <me  near  the 
middle  on  the  same  side,  holding  the  filler  quite  oloae  to  the  bottom,  so  that 
the  water  should  not  be  stained  higher  up.  Having  waited  till  the  water 
had  Gotne  to  rest  again,  I  then  oseiUated  the  trough  as  before,  tiie  idea  being 
that  the  green  colour  would  visiblf  travel  idong  the  bottom  to  tibe  middle, 
while  tlie  jreUow  would  m6ve  above  it  along  AB  and  then  up  round  CD 

l^,^,  %  7). 

|i  This  actually  happened.  After  a  lew  oscillations  the  green  etain  was  entirely 
in  the  middle  of  the  trough  at  the  bottom,  while  the  yellow  travelled  towards 
the  end  of  the  trough  and  then  rose,  as  shown  in  fig.  8  (Plate  6),  leaimig  a  dear 
Bpace  at  tlie  bottom  between  itself  and  t^  trouj^;  indeed,  for  an  ini^ant  it 
was  possible  to  see  green  travelling  along  the  bottomi  towards  the  middle  <^ 
the  trough,  and  yellow  along  AB,  above  it,  towatds  the  end,  the  two  colours 
passing  one  another,  travelling  in  opposite  directions ;  after  the  green  had 
reached  the  cent^  of  the  trough,  it  also  moved  bade  to  the  end,  ssid  the  two 
colours  became  mixed.  But  Hie  first  effoct  was  very  stnld^  and  proved 
beyond  doubt,  experimentally,  the  existence  of  the  residual  cunents  almig 
the  bottom  from  node  to  loop  and  return  currmte  a  little  higher  up,  from 
the  loop  towards  a  node,  that  Lord  Bayleigh  had  predicted. 

The  question  now  arose,  where  does  the  downward  flow  in  these  thin 
vortices  take  place  ?  There  is,  of  course,  a  downward  flow  at  the  nodes,  but 
that  current  extends  from  top  to  bottom  of  the  water  and  belongs  to  the 
"  end  vortices/'  If  Lord  Eayleigh's  thin  vortices  were  separate  and  distinct 
from  the  "  end  vortices,"  there  ought  to  be  a  downward  flow  at  some  such 
point  as  B  ()9,  fig.  7).  But  the  fact  that  the  water  under  B  always  became 
clear  so  quickly  after  the  oscillations  were  started,  and  thenceforward 
remained  so,  seemed  to  show  that  there  could  be  no  residual  downward  flow 
there,  otherwise  some  of  the  stain  or  powder  would  be  seen  to  move  down- 
wards from  B  to  the  bottom.  This  never  happened,  however ;  on  the  contrary, 
stain  squirted  right  over  B,  even  though  it  was,  as  usual,  heavier  than  water, 
always  travelled  upwards  along  such  a  line  as  BC,  but  never  downwards.  It 
seemed  to  me,  therefore,  that  the  "  end  vortices "  and  Lord  Bayleigh's  thin 
vortices  must  really  form  one  vortex  of  the  peculiar  shape  shown  in 
ABCDEFA,  AB'C'D'E'F'A  (/3,  fig.  9,  Plate  6). 

To  test  this,  I  squirted  a  little  green  stain  on  to  the  bottom  of  the  trough, 
quite  at  each  end,  and  waited  till  it  had  fallen  perfectly  flat.  I  then  oscillated 
the  trough  so  that  the  water  moved  in  half  a  stationary  wave,  and  saw  the 
stain  spread  itself  as  shown  in  a  (fig.  9).     It  first  crept  along  the  bottom  to 
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L  Instantaneous  Photograph  after  many  Oscillations  of  Water  moving  in  half  a  stationary  wave.  Residual  motion 
shown  by  water-colour  stain  placed  on  bottom  of  trough  when  water  was  at  rest.  /8.  Diagram  of  whole 
of  principal  Residual  Vortices  in  Water  oscillating  in  half  a  stationary  wave.  ABCDEFA,  AB'CD'ET'A, 
outer  vortices  ;  ABCG,  AB'C'G',  inner  vortices.     Depth  of  water  less  than  a  quarter  of  a  wave-length. 


Fio.  10. — Instantaneous  Photograph  of  Water 
moving  in  half  a  stationary  wave.  Residual 
motion  shown  by  water-colour  stain  placed 
on  bottom  of  trough  when  water  was  at 
rest.  Depth  of  water  more  than  a  quarter 
of  a  wave-length. 


Fig.  11.— Instantaneous  Photograph  of  Water 
permeated  with  Bronze  Powder,  oscillating 
in  half  a  stationary  wave,  after  about  six 
oscillations. 
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the  middle,  A  08,  fig.  9)  then  rose  up  and  travelled  backwards  in  such  a  line 
as  AB  (taking  the  left  side  only)  (yS,  fig.  9),  then  turn  back  again  along  BC, 
branching  ofi*  at  C,  where  part  of  it  rose  up  CD  and  turned  back  along  DE 
and  down  towards  F,  while  part  went  down  towards  A  and  turned  back 
towards  G. 

The  only  interpretation  that  it  seems  possible  to  give  to  such  a  series  of 
motions  as  this  is  that  Lord  Rayleigh's  thin  residual  vortices  and  the  "  end 
vortices  "  form  part  and  parcel  of  one  another  and  together  make  a  vortex 
having  an  outer  layer  shaped  like  ABCDEFA  (^8,  fig.  9).  Another  layer  of 
thifl  odd  vortex  must  have  a  shape  like  HKM,  another  like  NOP,  and  so  on. 

It  seemed,  at  first,  impossible  to  believe  in  the  existence  of  even  a  residual 
vortex  of  such  a  form,  but  I  have  applied  many  tests,  and  each  one  has 
only  shown  more  forcibly  that  this,  and  no  other,  is  the  real  form  of  the 
vortex.  I  have,  for  instance,  injected  tiny  drops  of  stain  into  the  water  at 
such  points  as  N,  B,  H  (yS,  fig.  9),  and  oscillated  the  water  in  half  a  stationary 
wave  before  they  had  had  time  to  fall,  and  whichever  point  they  were  placed 
at  they  always  moved  as  if  they  were  being  carried  along  by  such  a  vortex 
as  ABCDEFA.  I  have  placed  drops  of  stain  successively  at  various  points 
along  the  same  horizontal  line  a  short  distance  from  the  bottom,  and  watched, 
while  oscillating  in  the  same  way,  to  see  whether  there  was  any  sign  of  a 
downward  current  anywhere  except  at  an  end  of  the  vessel — but  there  was 
none.  There  is,  therefore,  I  consider,  no  room  to  doubt  that,  when  the  depth 
of  water  is  less  than  half  the  wave-length,  the  residual  motion  does  actually 
take  the  courses  indicated  in  )9,  fig.  9. 

As  the  pair  of  vortices  ABCDEFA,  AB'C'D'E'F'A  (/3,  fig  9)  entirely 
-embrace  the  pair  ABCG,  AB'C'G',  I  propose  to  call  the  first  pair  the  outer 
.Residual  vortices,  and  the  second  the  inner  ones. 

In  order  to  trace  with  more  accuracy  the  exact  way  in  which  the  height 

-^^nd  length  of  the  residual  vortices  altered  as  the  water  was  deepened,  and 

^^^Iso  to  see  what  happened  when  the  depth  of  the  water  was  greater  than  half 

^^he  length  of  the  stationary  wave,  I  used  a  trough  15  cm.  high,  1  cm.  wide, 

-^^nd  10  cm.  long,  with  water-colour  stain  placed  at  the  bottom  while  the 

^^jvater  was  stilL     Oscillating  this  so  that  the  water  formed  the  usual  half 

^^tationary  wave,  I  found  that  the  inner  vortices,  which  occupied  practically 

"%:^he    whole  length  of   the  trough  when  the   water   was   very   shallow,  e.g., 

S  mm.  or  so  deep,  diminished  continually  in  length  as  the  depth  of  the  water 

ixicreased,  till  they  disappeared  when  this  was  half  a  wave-length.     Their 

^,eiffht,  on  the  other  hand,  increased  at  first  as  the  water  was  deepened, 

^^nd  attained  a  maximum  when  the  depth  of  water  was  about  one-eighth  of 

-^  wave-length.    After  this,  the  height  of  the  inner  vortices  diminished  again, 
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and  became  practically  zero  when  their  length  became  zero,  i.e.,  when  the 
water  depth  was  equal  to  half  a  wave-length. 

As  for  the  outer  vortices,  they  evidently  consist  of  three  parts  (/8,  fig.  9), 
EEFQ  occupying  the  whole  depth  of  the  water  between  a  node  and  the 
nearest  point  to  that  node  of  the  corresponding  inner  vortex  ABCG; 
BCDR  extending  over  the  inner  vortex  to  the  top  of  the  water;  QAB 
lying  between  the  inner  vortex  and  the  bottom.  Deepening  the  water 
increases  the  length  of  EEFQ  and  the  height  of  BCDE,  but  diminishes  the 
leTigth  of  both  BCDE  and  QAB,  till,  when  the  depth  of  the  water  is  half 
a  wave-length,  EEFQ  extends  the  whole  way  from  loop  to  node  and  from 
top  to  bottom  of  the  water,  except  for  the  small  place  occupied  by  the 
ineflfective  little  comer  vortices  already  noticed,  F,  F'  (fig.  5). 

A  comparison  of  a  (fig.  7),  a  (fig.  9),  and  fig.  10  is  very  instructive  in 
showing  the  way  in  which  deepening  the  water,  while  retaining  the  same 
wave-length,  alters  the  length  and  height  of  the  inner  residual  vortices. 
In  the  shallow  water  in  fig.  7  these  are  nearly  as  long  as  the  trough,  and 
reach  nearly  to  the  top  of  the  water.  In  the  deeper  water  in  fig.  9  they 
do  not  extend  so  far  along  the  trough  nor  to  the  top  of  the  water,  and 
yet  they  are  about  the  same  height  as  those  in  fig.  7.  In  fig.  10,  where  the 
water  is  still  deeper,  the  inner  vortices  do  not  occupy  more  than  about 
half  the  length  of  the  trough,  and  are  only  about  a  tliird  of  the  height  of 
those  in  fig.  9. 

It  seemed  just  possible  that,  if  the  water  were  made  considerably  deeper 
than  half  a  wave-length,  such  vortices  as  F  and  F'  (fig.  5)  might  spread 
along  to  the  middle  of  the  trough — to  the  loop — and  become  important. 
No  such  thing  happens,  however ;  it  is  difficult,  even  when  the  oscillations 
are  very  violent,  to  get  any  motion  at  all  in  the  water  lower  down  than 
half  a  wave-length,  and  the  small  corner  residual  vortices  never  spread 
under  the  outer  ones;  they  rise  a  little  higher,  perhaps,  as  the  water  is 
deepened,  but  they  remain  always  feeble  and  always  in  the  corner,  with 
their  lower  boundaries  on  a  level  with  those  of  the  outer  vortices,  and  below 
this  there  is  no  apparent  residual  motion  at  all.  Practically,  then,  in  water 
as  deep  as,  or  deeper  than,  half  a  wave-length,  the  residual  vortices  are 
reduced  to  a  single  pair,  of  which  the  upper  portion  moves  from  loop  to  node 
and  the  lower  from  node  to  loop,  and  this  single  pair  always  extends  to  the 
top  of  the  water,  but  moves  over  a  layer  of  still  water  at  the  bottom,  when 
the  depth  of  ihe  water  is  much  more  than  half  a  wave-length. 

It  is  interesting  to  notice  that,  whatever  the  depth  of  the  water  may  be, 
in  consequence  of  the  way  in  which  the  outer  residual  vortices  enclose  the 
inner  ones,  the  direction  of  the  residual  motion  on  top  is  always  from  loop 
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to  node,  that  at  the  bottom  from  node  to  loop,  and  that  at  the  nodes  down- 
wards (save  for  the  small  corner  vortices).  At  the  loops,  on  the  contrary, 
although  the  residual  motion  of  the  upper  part  of  the  water  is  invariable, 
namely,  vertically  upwards,  that  of  the  lower  part  depends  on  the  depth  of 
the  water,  being  downwards  for  any  depth  less  than  half  a  wave-length,  and 
upwards — moving  in  the  same  direction  as  the  upper  part — when  the  depth 
is  greater  than  this.  Mathematically  speaking,  I  suppose,  there  is  always 
an  infinitesimally  small  pair  of  inner  vortices,  and,  therefore,  a  small  down- 
ward current  between  the  bottoms  of  the  two  outer  vortices,  however  deep 
the  water  may  be,  but  practically  in  water  as  deep  as,  or  deeper  than,  half 
a  wave-length  these  do  not  exist. 

Fig.  11  is  a  photograph  of  water,  permeated  with  bronze  powder,  which 
had  been  oscillated  in  half  a  stationary  wave  some  half  dozen  times  only, 
it  shows  clearly  where  the  residual  motion  first  becomes  perceptible,  viz., 
at  the  top  of  the  water,  at  the  nodes ;  for  there  is  no  apparent  disturbance 
anywhere  else. 

The  friction  of  the  water  against  the  front  and  back  of  the  trough  causes 
the  residual  motion  to  be  slowest  close  to  the  glass  and  greatest  half  way 
between  the  front  and  back.  This  gives  to  the  water-colour  stain,  that  shows 
the  residual  motion  in  each  quarter  wave-length,  a  shape  as  of  a  sail  bellying 
in  a  wind,  which  drives  from  the  end  of  the  trough  towards  the  middle.  The 
eflFect  can  be  seen  to  a  certain  extent  in  a  (fig.  9),  but  is  much  more  clearly 
visible  in  the  actual  experiment. 

One  final  feature  of  residual  motion,  that  is  rather  curious,  must  be 
mentioned.  It  has  been  said  that,  after  the  oscillations  have  been  stopped, 
the  residual  motion  continues,  and  is  even  more  apparent,  owing  to  the 
cessation  of  the  to-and-fro  movement.  In  a  short  time,  however — perhaps 
a  minute  after  the  oscillations  have  ceased — a  part  of  the  water  begins  to 
move  in  the  opposite  direction  to  that  which  it  had  previously  taken,  and 
this  tendency  gradually  spreads  till  the  whole  motion  of  the  liquid  is 
reversed,  though  it  is  more  confused  than  it  was  before.  Where  originally 
there  was  upward  movement,  there  is  now  downward,  and  vice  versd ;  motion 
from  right  to  left  has  become  motion  from  left  to  right,  and  so  on.  It  is  as 
if  a  set  of  water  springs  had  been  wound  up,  and  now  proceeded  to  unwind 
themselves. 

To  sum  up  the  results  of  this  investigation  ;  the  residual  motion  of  water 

moving  in  stationary  waves  takes  the  form  of  two  principal  sets  of  vortices 

n  each  half  stationary  wave — the  outer  ones  extending  from  loop  to  node  at 

top  and  bottom,  but  embracing  the  inner  ones  in  the  middle — the  inner  pair, 

entirely  surrounded  by  the  outer  pair,  having  their  largest  part  at  a  loop, 
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and  tapering  to  points  near  the  bottom,  between  this  loop  and  the  corre- 
sponding nodes.  Both  the  length  and  the  height  of  the  inner  pair  depend 
on  the  depth  of  the  water,  tlie  length  diminishing  steadily  as  the  depth 
of  the  water  increases,  and  the  height  increasing  till  the  depth  of  the  water 
is  about  one-eighth  the  wave-length,  and  theli  diminishing  till  the  water  is 
as  deep  as  half  a  wave-length,  when  they  are  practically  reduced  to  nothing. 

The  outer  pair  of  vortices,  since  they  entirely  surround  the  inner  ones, 
naturally  grow  as  these  diminish,  until  at  last,  when  the  depth  of  the  water 
is  half  a  wave-length  and  the  inner  vortices  cease  to  exist,  the  whole  length 
of  the  half  wave  is  occupied  by  two  oblong  i-esidual  vortices  moving  from 
loop  to  node  above  and  from  node  to  loop  below,  the  vertical  motion  being 
upwards  at  the  loop  and  downwards  at  the  node. 
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The  following  paper  contains  an  account  of  a  series  of  experiments  on  the 
perception  of  direction  of  sound  which  were  undertaken  with  the  object  of 
investigating  the  nature  of  the  influence  of  phase  differences  between  the 
vibrations  at  tlie  two  ears.  Lord  Rayleigh*  has  shown  that  such  dififerences 
help  to  determine  the  apparent  direction  of  the  sound,  the  sound  appearing 
to  be  on  the  side  at  which  the  phase  is  the  more  advanced.  Professor  Moref 
arrived  at  a  similar  conclusion  to  Lord  Rayleigh  by  experiments  of  a 
difTerent  character.  The  following  paper  also  contains  a  theory  of  the 
influence  of  phase  diilerences  which  appears  to  offer  a  possible  explanation 
of  the  observed  effects. 

Most  of  our  experiments  have  been  done  with  an  apparatus  similar  in 
principle  to  l*r()fe>sor  More's,  but  permitting  of  a  continuous  variation  of  the 
difference  of  ])liase.  The  apparatus  consisted  of  a  brass  tube,  AB  (fig.  1), 
about  250  cm.  long  and  25  cm.  in  diameter,  with  a  short  T-piece  soldered  on 
to  it  at  its  middle  point.  This  tube  could  slide  freely  in  two  slightly  larger 
brass    tubes,   CD    and    KF,  which   were    supported   horizontally    a    definite 

*  *Phil.  Mag.,'  February,  1007. 
t  ^PLil.  Mag.,'  April,  1907. 
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distance  apart.    From  the  ends  of  CD  and  EF  wide  tubes  were  led  to  caps 
fitting  on  to  the  ears  of  the  observer.     The  tubes  were  made  up  of  lengths  of 
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Fig.  1. 
AB.  Sliding  tube.  CA,  BF.  Fixed  tubes. 

DE.  Scale.  H.  Obeerver's  head. 

T.  T-piece.  SS.  Screen  on  table. 

K.  Tuning  fork. 

glass  tubing  joined  together  by  pieces  of  wide  indiarubber  tubing,  and  the 
two  sides  of  the  apparatus  were  made  as  symmetrical  as  possible.  The  ear 
caps  consisted  of  wooden  discs  with  annular  soft  pads  round  them  which 
could  be  pressed  against  the  head.  The  caps  were  supported  on  retort 
stands  clamped  to  a  table,  and  were  adjusted  as  symmetrically  as  possible. 

A  graduated  scale  was  fixed  alongside  the  brass  tube  AB  so  that  the 
position  of  the  T-piece  could  be  read  off  on  it.  A  wooden  screen  was  put  up 
on  the  table  between  the  observer  and  the  T-piece,  so  that  whicliever  way 
he  was  facing  he  could  not  see  the  position  of  the  T-piece. 

A  vibrating  tuning  fork  was  held  near  the  mouth  of  the  T-piece  so  that 
some  of  the  sound  from  it  entered  the  tubes  and  went  along  them  to  the 
observer's  ears.  By  sliding  the  tube  AB  about,  any  desired  difference  could 
be  produced  between  the  paths  to  the  two  ears. 

Let  the  distance  of  the  T-piece  from  the  middle  point  (scale  reading  100) 
of  the  scale  be  x  cm.,  and  the  wave-length  of  the  sound  given  out  by  the  fork 
be  X,  then  the  phase  difference  (a)  between  the  sounds  at  the  observer's  ears 
is  4:7rx/\.     If  71  is  the  number  of  vibrations  per  second  and  v  the  velocity  of 

sound, then 

__  Attx  __  47mx 
*  ""  ~X  v~ ' 

According  to  Lord  Eayleigh's  results  we  should  expect  that  for  values  of 
X  between  0  and  ^  X  the  sound  would  appear  to  be  in  the  ear  on  the  right 
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band  side  of  tiie  middle  pmnt,  while  vitii  «  between  i  x  and  ^  X  it  would 
appear  to  be  on  the  left,  and  bo  on  for  other  Talnes  otx.  If  we  denote  tib 
lateral  effect  by  ^,  and  consider  right  eflSscts  positive  and  left  elfeets  negpitiTS^ 
tlM  connection  between  ^  and  «  ahonld  be,  according  to  Lord  Bayleis^^ 
resnltSi^ss  AcDn(4irna;/vXwhaeAi8ac<HiBtaiit  It  woald,ped>apa^be]iion 
««rect  to  say  that  ^  shodd  be  equal  to  a  Fooner's  sine  series,  ai  wbSxAk  tiie 
above  is  the  first  tenn,  but  experiment  shows  that  the  other  temw  an 
probably  nnimportant,  if  they  exist  at  alL 

One  of  us  acted  as  observer  while  the  other  placed  the  T-pieoe  in  a  aerifla 
of  podtions,  in  each  of  which  tiie  observer  said  on  which  side  the  aonnd. 
of  the  fork  appeared  to  him  to  be.    A  record  of  the  tesolts  was  Irapt,  and  the 

series  of  observations  was  usually  repeated,    The  sensations  were  usoally 

described  as  follows:—" Full  ri^t."  "half  right,"  "middle  m  half  xig^"""' 
"  middle,"  "  middle  or  half  left,"  «  half  kft,"  "  fall  left."  "  Half  right "  meaiife=d 
that  the  pooeption  of  direction  was  only  moderately  definite^  whOe  "  ini<Mli»  , 
or  half  left "  meant  that  there  was  only  a  doubtful  perception  of  diiectkML-.— • 
"  Middle  "  meant  that  the  sound  seemed  to  come  bom  in  front  or  behind,  ooi^ 
that  there  was  no  lateral  effect 

The  following  is  a  typical  series  of  observations : — 

Fork  612.    Observer  facii^  away  frcnn  fork. 

Scale  reading. 

100  M(l) 

105  E(2)  E(26) 

95  L(3)  L(25) 

90  L(4)  L(24) 

110  E(5)  R(23) 

-   85  L(6)  L(22) 

80  L(7) 

115  L(8)  L(21) 

120  L(9)  L(20) 

125  L(10)  L(19) 

75  R(ll)  R(18) 

70  R(12)  R(17) 

130  M(13)  L(16) 

65  MoriL(14)  M  or  i  L  (15) 

135  R(27)  MoriR(34) 

140  R(28)  E(33) 

145  L(29)  MoriL(32) 

150  L(30)  L(31) 
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The  numbers  in  brackets  indicate  the  order  in  which  the  observations  were 
made. 

The  results  obtained  can  be  conveniently  represented  by  means  of  curves 
whose  co-ordinates  are  the  scale  readings  showing  the  position  of  the  T-piece 
and  the  lateral  eflFects.  The  lateral  effect  corresponding  to  any  scale  reading 
was  calculated  by  taking  the  mean  of  the  observations  at  that  point,  counting 
a  "full  right"  =  1,  a  "half  right"  =  i  a  "middle  or  half  right"  =  i,  a 
"  middle  "  =  0,  with  equal  negative  numbers  to  represent  left  effects. 

Fig.  2  shows  one  of  the  curves  obtained  in  this  way  with  a  fork  of 
frequency  512.  The  curve  <^  =  sin  (47nuc/v)  is  also  shown  (dotted)  and  it 
will  be  seen  that  the  observations  agree  with  it  as  well  as  could  have  been 
expected. 

Figs.  3  and  4  show  similar  curves  obtained  with  forks  with  frequencies  384 
and  128. 

Fig.  5  shows  some  of  the  results  obtained  with  frequency  256. 

It  will  be  seen  that  with  frequency  256  the  observed  and  theoretical  curves 
do  not  agree,  in  fact  the  obsei-ved  lateral  effect  is  just  the  reverse  of  that 
expected. 

A  good  deal  of  tune  was  spent  in  investigating  the  cause  of  this  anomaly 
and  it  was  finally  found  to  be  due  to  resonance  occurring  in  the  tube  on  one 
side  or  the  other,  according  to  the  position  of  the  T-piece.  The  observer's 
ears  were  replaced  by  the  thin  indiarubber  diaphragms  of  two  manometric 
flames,  which  were  observed  in  a  rotating  mirror  in  the  usual  way.  In  this 
way  it  was  possible  to  compare  the  amplitudes  of  vibration  on  the  two  sides 
of  the  apparatus.  It  was  found  that  the  two  amplitudes  were  always  sensibly 
equal  with  frequencies  512  and  384,  but  with  256  there  were  large  differences 
between  the  two  amplitudes  in  certain  positions  of  the  T-piece.  In  fact,  with 
this  frequency,  when  the  sound  appeared  to  be  on  one  side,  there  was  a 
greater  intensity  of  sound  on  that  side,  which  evidently  completely  masked 
the  phase  difference  effect.  These  differences  of  intensity  could  be  detected, 
though  not  very  certainly,  by  listening  first  at  one  tube  and  then  at  the 
other. 

It  was  found  that  the  same  cause  led  to  the  discrepancy  between  the 
observed  and  calculated  results  with  frequency  128  at  a?  =  —60  (see  fig.  4). 
The  lateral  effects  observed  with  frequency  256  were  of  precisely  the  same 
character  fius  those  observed  with  frequency  512,  although  it  appears  that  the 
256  effects  were  due  to  a  difference  between  the  sound  intensities  at  the  two 
ears,  while  those  with  frequency  512  were  produced  by  a  difference  of  phase 
without  any  difference  in  intensity. 

Some  experiments  were  tried  with  the  tube  on  one  side  partially  block 
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with  cotton  wool  so  that  the  sound  on  that  side  was  considerably  weaker  thru^' 
that  on  the  other  side.  It  was  found  that  the  observer,  after  a  time,  becam  -^ 
accommodated,  so  to  speak,  to  the  difference  of  intensities,  and  lateral  eSect^^ 
in  both  directions  could  then  be  obtained,  although  the  sound  was  all  th^^ 
time  stronger  on  one  side  than  on  the  other. 

Experiments  were  tried  in  which  one  side  of  the  tube  was  gradually  clo 
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(by  means  of  a  screw  pinch-cock),  and  it  was  found  that  the  observer  did  not 
notice  any  change  in  the  lateral  effect  until  the  tube  was  almost  completely 
closed,  when,  of  course,  the  sound  always  went  over  to  the  open  side. 
The  sensation  of  change  of  direction  produced  in  this  way  was  precisely 
similar  to  that  obtained  by  sliding  the  T-piece  along  with  both  tubes  open. 

Experiments  were  tried  with  tubes  of  different  lengths  and  with  the 
observer  facing  towards  the  fork  and  then  away  from  it,  but  no  very  interest- 
ing results  were  obtained.  Experiments  were  also  tried  with  the  manometric 
flames  to  see  if  the  phase  differences  calculated  actually  existed,  and  this  was 
found  to  be  the  case  with  frequency  256  as  well  as  the  others. 

The  results  obtained  suggest  that  while  a  difference  of  phase  may  be  a 
primary  cause  of  lateral  effects,  yet  it  acts  by  producing  a  difference  between 
the  intensities  of  the  sound  inside  the  ears.  If  we  suppose  that  some  of  the 
sound  entering  an  ear  gets  across  through  the  head  to  the  opposite  internal 
ear,  this  enables  a  simple  explanation  of  the  phenomena  to  be  given. 

Let  yi  =  asin(a)^  +  «)  denote  the  vibration  entering  the  right  ear,  and 

ya  =  a  sin  (ot  denote  the  vibration  entering  the  left  ear.     The  resulting  effect 

at  the  right  internal  ear  will  be,  say, 

yi  =  fa  sin  (oyt  +  «)  --ga  sin  (©^ — /8).* 

Here  /  and  g  are  proper  fractions,  of  which  /  is  much  greater  than  g,  and 
/3  is  the  retardation  in  phase  due  to  the  passage  through  the  head. 
In  the  same  way,  the  effect  at  the  left  internal  ear  will  be 

ya'  =/asina)^— /7asin(fi)^  +  a— /8). 
I^ence 

yi'  =  {/*a2^^a3_2/57a2cos(a  +  /8)}*sin(a)^  +  Si) 

€tnd  y2  =  if^a^ + </V  -  2fga^  cos  («  -  /3)  }*  sin  ((ot  +  Sa), 

'^rhere  Si  and  S2  are  constants. 

Let  Ii  denote  the  sound  intensity  at  the  right  internal  ear,  and  la  that  at 
the  left  internal  ear.  Then  Ii— lais  proportional  to  the  difference  between 
the  squares  of  the  amplitudes  in  yi  and  ya' ;  hence, 

Ii— laoc  2fga^  {cos(a— /8)  — cos(a  +  i8)}  =  4;j7a^  sin  a  sin /8. 

Thus,  the  difference  between  the  intensities  at  the  two  internal  ears  is 
proportional  to  sin  a,  and  if  we  suppose  that  <f>,  the  lateral  effect,  is  pro- 
portional to  Ii  — la,  we  get  <^  =  Asina,  where  Aoc  4/57a^  sin  ^,  and  so  is  a 
constant  for  sound  of  a  particular  frequency. 

♦  We  suppose  that  the  displacements  in  the  internal  ear  due  to  the  two  sets  of  waves 
are  in  opposite  dii*ections.  It  should  be  said  that  the  principal  reason  for  making  this 
assumption  is  that  it  enables  an  explanation  of  the  lateral  effects  to  be  given. 


266 

Thus,  provided  sin  ^  is  positiTe,  if  tbe  ^hAse  at  tihe  x^^  ear  is  sliMd  1^ 
an  amoiint  between  0  and  ir,  ^  is  positive,  tbat  is,  Ii>Ii,  and  the  sound 
will  appear  to  be  on  the  right  side,  whereas  if  «  is  between  w  and  jfar, 
I«>Ii,  and  the  sound  will  appear  to  bio  on  the  left  side.  Thns,  tiie  theoiy 
here  proposed  gives  a  complete  explanation  of  the  observed  lateral  effieols 
dne  to  phase  difiEsrences.  For  verj  higfa-pitohed  notes  fi  wonld  be  between 
w  and  2ir,  and  then  the  lateral  effoot  would  be  reversed. 

The  distance  between  the  ears  through  the  head  is  small,  ai^  tlie  vdod^ 
of  sound  through  the  bones  probablj  very  high,  so  tiiat  we  should  not 
expect  a  reversal  of  die  eflTeot  due  to  tMs  cause,  unless  the  feequeiK^  ware 
very  great.  But  with  very  high  frequencies  the  lateral  efidiS  oannot  be 
obtained. 

The  amount  of  sound  which  must  get  through  the  head  to  piodttse  an 
i^preciable  difference  between  1^  intensities  at  the  two  internal  ears  is  irat 
large,  because  since  the  two  amplitudes  are  added,  an  impereeptible  amoni 
getting  through  might  produce  an  appreciable  difference  of  intensl^* 

It  was  found  that  an  appreciable  amount  of  sound  could  be  sent  through' 
a  person's  head  from  one  ear  to  the  other.  Ear  caps  with  tubes  attadMi 
were  fitted  to  each  ear,  and  a  vibrating  tuning  f<Nrk  was  held  near  the  end 
of  one  tube.  An  observer  listened  at  the  end  of  the  other  tube»  and  witii 
a  fork  of  frequency  612  a  distinct  sound  was  heard,  which  seemed  to  oome 
along  the  tube.  The  amount  of  sound  getting  through  the  head  must,  ot 
course,  be  much  smaller  than  the  amount  entering  one  ear  and  getting  tc^>^ 
the  opposite  internal  ear. 

The  experiments  described  were  carried  out  in  the  Physical  Eesearctm^ 
Laboratory  at  King's  College,  which  has  been  fitted  up  with  a  grant  of  £50^^ 
from  the  Drapers'  Company,  to  whom,  therefore,  we  wish  to  express  our^— « 
obligations.  We  also  desire  to  express  our  best  thanks  to  Lord  Bayleig^K^ 
for  his  kind  interest  in  the  experiments  and  for  some  valuable  suggestions. 
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On  the  Intimate  Sti^cture  of  Crystals.     Part  VI. — Titanic  Oxide, 
its  PolymorpJis  and  Isomorphs. 

By  W.  J.  SoLLAS,  ScD.,  F.RS.,  Professor  of  Geology  in  the 
University  of  Oxford. 

(Received  January  3, — Eead  January  23,  1908.) 

The  key  to  crystalline  structure  is  furnished  by  a  study  of  molecular 
volumes,  and  one  of  the  best  criteria  of  its  powers  will  be  foimd  in  its 
application  to  polymorphous  compounds.  If  it  can  explain  consistently 
with  our  knowledge  of  crystalline  symmetry  the  change  in  volume  which 
accompanies  the  passage  of  a  substance  from  one  crystalline  system  to 
another,  this  fact  alone  would  seem  to  offer  presumptive  evidence  in  its 
favour.  There  are  inherent  difficulties  in  the  subject  which  render  progress 
laborious  and  slow,  so  that  we  cannot  at  present  oflFer  an  exhaustive  account 
of  all  cases  of  polymorphism,  and  on  this  occasion  we  shall  confine  our 
attention  to  the  single  but  remarkable  instance  of  titanic  oxide,  which 
presents  itself  in  the  three  well-known  forms  of  anatase,  brookite,  and 
rutile. 

The  chemical  formula  of  the  oxide,  generally  taken  as  Tia04,  is  based  on 
analogy  with  zircon,  ZrSiOi,  which  is  isomorphous  with  nitile.     It  may  be 

represented  graphically  as  Ti^Q^Ti,  and  the  simplest  glyptic  rendering  of 

this  gives  at  once  the  general  configuration  of  the  crystal  molecule,  Haiiy's 
"  molecule  int^.grante,"  out  of  which  anatase,  and,  with  slight  modifications, 
brookite,  and  rutile  also,  are  built  up  (see  fig.  10,  p.  275). 

To  obtain  the  molecule  in  its  true  relative  dimensions,  we  must  first 
determine  the  relative  sizes  of  its  constituent  atoms.  The  gross  atomic  volume 
of  metallic  titaniimi  is  13*4  This  follows  from  the  relation  mw/d  =  mv, 
the  molecular  weight  (inw)  being  47*9,  and  the  density  (d)  3-5888.  On  the 
assumption  that  the  atoms  in  titanium  are  an-anged  in  open  cubic  order, 
this  gives  as  the  diameter  of  the  atom  2*375,  or  radius  (R)  =  1*1875. 

The  gross  atomic  volume  of  oxygen  cannot  be  obtained  directly  from  the 
free  element,  and  it  is  difficult  to  arrive  at  a  completely  satisfactory  result 
from  its  compounds;  in  commencing  this  investigation,  I  selected  the 
number  5*5  as  representing  an  average  of  considerable  probability;  this 
gives  for  the  diameter  1*765,  or  radius  (r)  =  0*8825.     In  an  earlier  part  of 


this  paper*  I  made  xxm  of  a  somewhat  higher  value  (1^89),  hut  it  is  possible 
that  the  dimensions  of  the  oxygen  atom  are  not  absolutely  constant  throughout 
all  its  comhinatione,  Tii  any  case^  the  number  r765  ia  that  which  harmonisea 
with  all  the  facts  presented  by  the  minerals  we  are  about  to  consider. 

Amitast, — The  fundamental  molecule  of  anatitse  cons  lets  of  four  atoms  of 
oxygen  arranged  in  contact,  with  their  centres  situated  at  the  corneiB  of  a 
square :  one  atom  of  titanium  resta  upon  the  four  oxygen  atoms,  its  centre 
lying  verticaUy  above  the  centre  of  the  square  ;  the  other  atom  ia  situated  in 
a  cor  responding  position  below*  On  jouimg  the  centres  of  the  titanium  with 
those  of  the  oxygen  atoms,  we  obtain  a  pji-amid  of  the  tetmgonal  system, 
having  an  obvious  resemblance  to  the  primitive  pyramid^  which  is  the 
characteristic  form  of  anatase. 

These  molecular  pyramids  may  be  built  up  into  a  crystalline  edifice  by 
arranging  thera  so  that  the  oxygen  atoms  lie  in  square  order  in  one  sheets 
taken  as  horizontal  (fig.  1);  the  titanium  atoms  form  corresponding  sheets 


Fig.  1. — Anatase— Plan. 
The  larger  circles  in  all  the  figares  represent  titanium,  the  smaller,  oxygen  atoms. 

above  and  below.  On  this  layer  of  molecules  a  second  may  be  superposed  v^ 
such  a  manner  that  the  titanium  atoms  of  its  lowest  sheet  rest  upon  tho69»« 
sets  of  four  oxygen  atoms  which  are  formed  by  the  four  comer  atoms  of  four- 
squares in  contact  below  (fig.  2). 

The  structure  thus  obtained  is  tetragonal  and  holohedral ;  it  may  b^ 
regarded  as  a  tetragonal  lattice  with  the  centres  of  the  molecules  situated 
on  the  nodes. 

The  packing  is  fairly  close:  to  determine  the  volume  occupied  by  on^ 
molecule  of  titanic  oxide  (taken  for  convenience  as  TiOa),  we  must  now — 
partition  the  space  occupied  by  the  configuration  homogeneously.     In  plan 

*  *Roy.  See.  Proc./  vol,  69,  p.  294,  1902. 
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(6g.  1)  the  structure  may  be  completely  divided  into  equal  square  areas, 
such  9Aah  c  d^  each  including  one  atom  of  titanium  and  four  half-atoms  of 
oxygen ;  the  length  of  the  side  is  2r^2,  and  this  squared  gives  8?*^,  or  6*23. 


Fio.  2. — Elevation  on  a  Plane  passing  through  A  B  of  fig.  1. 

Each  square  again  is  the  bfiwe  of  a  tetragonal  prism,  which  contains  one  atom 
of  titanium  and  eight  quarter-atoms  of  oxygen,  in  all  one  molecule  of 
Ti02 ;  its  height  is  shown  by  the  line  f  f  in  fig.  2,  and  is  measured  by 
v/(2R-f-2r)^-(2r  >/2y,  or  3-303;  the  volume  of  the  prism  is  therefore 
623  X 3*303,  i.e.,  20*58.  The  best  determinations  of  the  specific  gravity 
of  anatase  vary  from  3  83  to  3*9,  and  its  molecular  volume  lies  consequently 
between  20'51  and  20-86,  with  a  mean  of  20*68.  The  accordance  between 
the  observed  and  calculated  volumes  is  thus  remarkably  close. 


Fig.  3. — Elevation  on  a  Plane  passing  throagh  a  c,  fig.  1,  but  with  the  Oxygen  Atoms 

separated  as  in  fig.  4. 

It  is  evident  that  the  configuration  we  have  described  affords  data  for 
calculating  the  axial  ratios  or  parameters  of  the  crystal.  For  our  horizontal 
axes  we  may  select  either  oA  or  oC ;  we  take  the  latter  and  make  the 
parameter  equal  to  2r,  the  corresponding  parameter  on  the  vertical  axis  is 
given  by  the  length  of  the  elementary  prism  from  which  the  volume  was 
calculated;  we  have,  therefore,  for  the  horizontal  parameter  a  length  of 
1*765,  and  for  the  vertical  of  3*303,  and  this  gives  a  ratio  of  1 ;  1*871,  while 
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the  ratio  obtained  by  direct  measurement  of  the  mineral  is  1 : 1'778.  The 
agreement  in  this  case  is  only  roughly  approximate.  We  may  make  it  a 
little  closer,  however,  by  slightly  modifying  our  original  conceptiou  of  the 
molecular  configuration;  we  have  supposed  the  oxygen  atoms  to  lie  in 
contact  with  each  other,  let  us  now  separate  them  by  a  short  interval; 
this  will  allow  the  titanium  atoms  to  approach  one  another,  and  the  total 
effect  will  be  to  lengthen  the  horizontal  parameters  and  shorten  the  vertical 
parameter,  at  the  same  time  the  volume  will  be  increased  (figs.  4  and  5). 


Figs.  4  and  5. — Similar  to  figs.  1  and  2,  but  readjusted  into  a  nearer  approximation  ' 
the  actual  axial  ratios  of  Anatase. 

In  determining  the  amount  of  the  change  which  can  be  produced  with 
unduly  increasing  the  molecular  volume,  we  shall  make  use  of  topic  ax:rr' 
The  horizontal  axes  we  have  already  chosen  do   not  correspond  with 
sides   of   the   square  which    forms  the  base  of   our  elementary  prism; 
must  compensate  for  this  by  changing  the  axial  ratios  from    1  :  1*778 
1x^/2:1-778  or   1:1*2572.      For  the  volume  we  take   the   mean,  20" 

Then,  since  x  =  a/  -  — >  ^^^  have  x  =  ^Z   1%^^-^)  =  2-5431,  and  eo  =  ex 
2-5431  X  1*2572  =  :>-183.     Thus  the  parameters  on  the  topic  axes  are  2-54c^  ' 
and  3183 ;  and  from  x  ^^'^  obtain  the  corresponding  parameter  on   a  t:^ 
dividing  by  y/2,  which  gives  17983 ;  but  2r  =  1765,  and  thus  the  interve-  ^*" 
between  adjacent  oxygen  atoms  amounts  to  0033. 

With  the  data  at  our  disposal,  we  can  now  calculate  the   length  of  tli^  "^ 
vertical   parameter   as   given  by   our  configuration    when    modified    by  th^^ 
separation  of  the  oxygen ;  it    is    found   to  l)e  3*267,  while  the  topical  ax( 
show  it  to  be  actually  3183,  a  difl'erence  of  0-084,  or  about  2i  per  cent. 

*  According  to  Scbrauf's  measurements  the  axial  ratio  of  anatase  is  1  :  1*784  ;  thi 
gives  3205  for  «,  and  our  value   deduced   from    the   configuration   becomes  3*27,  or 
difference  of  2  per  cent. 
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Our  results,  however,  are  based  on  the  improbable  assumption  that  all  atoms 
possess  a  spherical  form,  and  are  thus  first  approximations  only.  It  is 
extremely  likely  that  the  atoms  of  those  elements  which  crystallise  in  other 
systems  than  the  cubic  are  not  true  spheres.  The  analogy  of  oxygen  with 
sulphur  and  of  titanium  with  tin  suggests  that  this  may  be  the  case  with  the 
atoms  under  consideration. 

Anatase  cleaves  readily  along  the  planes  of  (111)  and  (001).  But  it  may  be 
observed  here  that  the  form  (111)  does  not  correspond  to  the  form  of  the 
int^rant  molecule :  the  symbol  for  this,  according  to  the  axes  we  have  chosen, 
must  be  (101).  The  primitive  pyramid  of  the  crystallographer  only  arises 
when  the  molecules  are  built  up  into  the  crystalline  edifice ;  its  basal  section 
is  given  in  the  square  ac  of  fig.  1.  The  connection  between  cleavage  and 
structure  is  thus  not  immediately  obvious,  but  on  referring  to  the  diagram 
(fig.  1)  it  will  be  seen  that  alternate  squares  of  four  oxygen  atoms  exist  over 
which  titanium  atoms  are  absent,  both  above  and  below,  and  these  imoccupied 
spaces  run  in  files  parallel  to  the  horizontal  edges  of  the  pyramid  (111),  all 
the  other  squares  being  covered  with  titanium  atoms.  It  would  seem 
probable  that  the  structure  should  part  along  these  lines  in  preference  to 
any  other.     The  basal  cleavage  (001)  follows  readily  from  the  structure. 

The  optical  sign  of  anatase  is  negative,  co  =  2*534,  and  €  =  2*493 ;  hence 
the  axis  of  greatest  elasticity  corresponds  with  the  principal  axis  of  the 
crystal,  or  the  titanium  axis  of  the  molecule. 

The  coefficient  of  thermal  expansion  is  greatest  along  the  principal  axis, 
least  along  the  axes  normal  to  it.  According  to  Fizeau,  it  is  O'OsSlQ  parallel 
to  c,  and  0*05468  in  any  direction  normal  to  this ;  according  to  Schrauf,  it  is 
0*06664  in  the  first  direction,  and  —0*05288  in  the  second.  To  tliis  relation 
we  shall  recur  later. 

JitUile. — ^Although  rutile  crystallises  in  the  same  system  as  anatase,  it 
presents  very  diffei-ent  forms,  and  cannot  be  referred  to  the  same  axes.  Its 
iindamental  molecule  has  the  same  constitution  as  that  of  anatase,  i.e.,  there 
8  no  polymerism;  but  it  diflFers  in  two  respects:  first  the  titanium  atoms 
lave  approached  each  other  along  the  vertical  axis  so  far  as  to  come  into 
(ontact ;  and  next,  as  a  consequence,  the  oxygen  atoms  have  been  pushed 
outwards  as  far  as  possible,  so  that  they  lie  comparatively  far  apart,  though 
itill  at  the  corners  of  a  square,  having  its  plane  at  right  angles  to  the  vertical 
ixis,  which  passes  through  its  centre  and  the  centres  of  the  two  titanium 
ktoms  above  and  below  (fig.  10). 

The  arrangement  of  these  molecules  differs  completely  from  that  which 
obtains  in  the  case  of  anatase.  The  first  layer  is  formed  by  placing  the 
nolecules  with  the  titanium  axes  horizontal  and  end  to  end,  so  that  the 
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liteBliim fttolW lorn  con U^  homoQtal  files;  on  bringing  these  together 

tide  Iqr  aide  thej  will  be  found  to  fit  together,  the  molecules  of  adjacent  files 
tftaraatiiig  witii  each  other.  The  litaniiim  atoms  are  thus  marBh^illed  Ln 
mnjuae  otdest  in  a  eiiigle  Bheot,  and  the  oxygen  atoms  lie  one  over  the  centre 
of  aadi  aqiiAxe  ol  four  titanium  atoms,  foniung  two  sheets,  one  above  and  one 
below  (fig,  6).  If  the  bonding  of  the  atoms  bo  disregarded,  this  configuration 
wfll  be  tetragonal ;  but  when  tlie  bonds  are  taken  into  account  it  becomes 
llMnnbic ;  consequently,  to  preserve  the  totra^gonal  character,  the  next  layer  of 
mdeeiiiei^  wUdi  is  built  up  like  the  first,  must  be  turned  in  a  horizontal 
piiiie  through  an  angle  of  90*,  and  then  superposed  po  that  the  two  titanium 


Fio.  6.— Rutile— Plan, 

atoms  of  one  molecule  lie  immediately  over  the  two  oxygen  atoms  of  the  la; 
beneath,  the  centres  of  the  two  molecules  lying  on  the  same  vertical 
(figs.  7  and  8).    The  structure  so  produced  is  tetragonal  and  holohedral ;  tCT 


Fig.  7.— Plan  of  Two  Molecules  superposed.     Fio.  8.— Elevation  on  Face  110. 
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grrohedry,  since  it    amounts  to  a  right  angle,  having  no  crystallograiphic 
^flTect.* 

We  may  partition  the  structure  homogeneously  into  square  prisms,  having 
M  a  base  the  square  a  0  y  B  of  the  figure  (fig.  6)  with  an  area  of  (2R)^  or 
5*6406 ;  the  height  is  shown  by  the  line  //  (fig.  8),  and  nearly  equals  2E+r,f 
oit  3*2575.  The  volume  is,  therefore,  18*375.  The  specific  gravity  of  rutile 
lies  between  4*2  and  4*3,  and  its  molecular  volume  between  18*6  and  19,  but 
when  heated  in  hydrogen  the  specific  gravity  rises  to  4*365,  or  the  volume 
diminishes  to  18*305.  The  agreement  between  theory  and  observation  is  thus 
Eis  close  as  we  can  expect. 

It  we  take  the  height  of  the  prism  just  determined  (3*257)  as  the  vertical 
parameter  of  the  crystal,  then  the  horizontal  parameter  will  be  f  x  2Ry/2, 
»  5*0831,  and  the  ratio  5-0831  :  3*28  =  1  :  0-6442.  The  actual  ratio  found 
by  angular  measurement  of  the  crystal  is  1  :  0*6442. 

The  most  perfect  cleavage  of  rutile  is  parallel  to  the  prism  faces  (110),  a 
Fact  consistent  with  the  configuration ;  there  is  a  cleavage  parallel  to  the 
faces  of  the  second  prism  (100)  also,  but  this  is  less  perfect  than  the  pre- 
I^eding,  though  there  is  nothing  in  the  configuration  which  would  have  enabled 
as  to  predict  this  fact. 

Entile  exhibits  a  characteristic  tendency  to  form  greatly  elongated  prisms, 
md  this  is  quite  in  harmony  with  the  configuration,  which  presents  a  much 
doser  texture  over  the  prism  faces  than  at  right  angles  to  them,  that  is  to 
jay,  the  surface  density  is  greater  parallel  to  the  axis  c  than  in  any  other 
lirection. 

The  optical  sign  of  rutile  is  positive,  and  consequently  the  direction  of 
greatest  elasticity  corresponds  with  the  horizontal  axes  of  the  crystal,  but 
t  is  along  these  axes  that  the  titanium  axes  of  the  molecules  are  disposed,  so 
hat  we  have  in  this  case  precisely  the  same  relation  as  that  which  we  found 
o  obtain  in  anatase. 

In  agreement  with  the  optical  characters,  the  dielectric  constant  is  at 

maximum  parallel  to  the  principal  axis,  its  value  in  this  direction  beipg 
73 ;  at  right  angles  to  it  only  89,  or  about  one-half.  If  the  truth  of  our 
Dnfiguration  should  be  confirmed,  this  ratio  should  afford  some  insight  into 
he  difficult  question  of  the  connection  between  the  optical  properties  and 
ne  molecular  structure  of  a  crystal. 

The  thermal  conductivity  is  at  a  maximum  parallel  to  the  principal  axis. 

The  thermal  expansion,  as  determined  by  Fizeau,  gives  a  coefficient  for  the 

*  Schrauf,  however,  has  observed   gyrohedry  in  some  crystals  of  rutile  :   it  would 
ppear,  therefore,  that  the  rotation  is  not  always  complete, 
t  The  error  introduced  by  this  formula  only  affects  the  fifth  place  of  decimals. 

T  2 
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vertical  axis  of  the  crystal  of  0'06919,  and  for  the  horizontal  axis  of 
0*06714 ;  if  the  volume  of  the  oxygen  atom  expands  to  a  greater  extent  than 
that  of  the  titanium  atom  for  the  same  rise  of  temperature,  this  relation 
between  the  coefficients  is  such  as  the  configuration  might  lead  us  to  expect. 

It  not  infrequently  happens  that  prisms  of  rutile  occur  "  attached  to  plates 
of  haematite  in  such  a  position  that  each  prism  lies  with  its  face  (100)  upon 
the  basal  plane  of  the  haematite,  and  with  its  prism  edge  perpendicular  to  the 
edge  of  the  combination  (111) :  (100)  of  the  haematite,  fig.  220."* 

Some  light  seems  to  be  thrown  on  this  interesting  phenomenon  by  the 
structure  of  the  two  minerals  ;  an  attempt  to  formulate  the  structure  of 
haematite  shows  that  the  atoms  on  the  basal  plane  lie  on  the  nodes  of 
a  hexagonal  network  ;  and  when  the  structure  we  have  assigned  to  rutile  is 
observed  as  it  presents  itself  on  the  side  of  the  prism  (100),  it  also  is  found 
to  exhibit  a  hexagonal  arrangement,  which,  although  not  quite  regular,  may 
perhaps  be  sufficiently  so  to  allow  of  the  co-adjustment  of  the  two  crystalline 
structures  (fig.  9). 


Fig.  9.— Elevation  on  Face  of  the  Prism  (100). 

Brookite. — This  niiiioral  crystallises  in  tlie  rhombic  system.  Its  molecule 
has  the  same  cbeinical  foriiiula  as  anatase  and  rutile,  and  there  is  no 
polymerisni.  The  titanium  atoms  have  approached  each  other  and  come 
nearly  but  not  quite  into  contact,  and  the  oxygen  atoms,  though  pushed  out, 
Are  not  equally  separated,  but  lie  at  the  corners  of  a  rectangle  having  two 
sides  longer  than  the  others.  Thus  tlie  molecule  itself  possesses  a  rhombic 
*  '  Minei-alogy,'  by  Professor  Miers,  1902,  p.  86. 
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form,  which  is  therefore  inherent  in  the  crystal  from  the  first ;  in  the  same 
way  the  tetragonal  form  is  already  determined  in  the  molecule  in  both 
anatase  and  rutile.  The  difference  between  the  three  molecules  will  be  seen 
by  inspection  of  fig.  10,  which  represents  them  in  plan. 


J  Z  3 

Fio.  10. — Molecules  of  Anatase  (1),  Brookite  (2),  and  Rutile  (3),  shown  in  Plan. 

The  first  layer  of  molecules  is  constituted  very  much  as  in  rutile,  but  with 
this  difference  that  the  adjacent  files  of  titanium  atoms  are  not  in  contact 
with  each  other,  but  separated  by  intervening  oxygen ;  they  form  a 
rectangular  but  not  a  square  lattice  (fig.  11). 


Fio.  11. — Plan  of  First  Sheet  of  Molecules. 


The  second  layer  of  molecules  has  the  same  constitution  as  the  first,  and  ia 
saperposed  with  the  same  orientation,  but  with  a  slight  horizontal  displace- 
ment parallel  with  the  axis  c,  so  as  to  bring  the  oxygen  atoms  of  the  upper 
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layer  immediately  over  the  interspaces  between  the  most  closely  approxi- 
mated titanium  atoms  of  the  layer  below  (fig.  12).  The  third  layer  is 
similarly  superposed,  but  with  a  compensatory  displacement  in  the  opposite 
direction. 


Fig.  12.— Plan  of  Two  Sheets  of  Molecules. 

Tlie  structure  so  produced  fulfils  all  tlie  conditions  of  rhombic  symmetry. 

Tlie  simplest  means  of  testing  this  hypothetical  configuration  is  furnished 
by  the  so-called  topic  axes.  The  specific  gravity  of  brookite  ranges  from 
3'9  to  4*2,  but  the  most  probable  value  lies  near  4*0.*  This  gives  for  the 
molecular  volume  19*975.  The  accepted  ratios  of  the  parameters  are 
0*841 : 1 :  0*944.     The  topic  ratios  are,  tlierefore,  as  follows : — 

'^  =  <^r7n'  =  2*4644 ;  -^  =  xh^  =  29304 ;  w  =  c>|r  =  27661. 
In  our  construction  (tig.  11)  we  make  the  sides  a^  and  a  7  of  the 
rectangle  a  7  equal  to  2*4644  and  2*7661  respectively,  but  we  now  proceed 
to  determine  the  vertical  parameter  by  means  of  the  diameters  of  our  atoms, 
and  we  obtain  as  a  result  the  number  2*9468,  while  the  observed  value  is 
2*9304,  or  a  difTerence  of  0*0164,  i.c,  about  0*5  per  cent.  This  is  the  sole 
difference  which  exists  between  tlie  results  oljtained  by  hypothesis  on  the  one 
hand  and  observation  on  the  other.  The  volume  is  only  slightly  afiTected,  still 
remaining  well  within  tlie  limits  of  its  observed  values. 

*  Miers,  *  Mineralogy,'  p.  365. 
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The  refractive  indices  for  sodium  light  are :  a,  2*5832,  )3,  2-5856,  7,  27414. 
The  acute  bisectrix  coincides  with  the  axis  a  and  is  positive;  thus  the 
direction  of  maximum  elasticity  coincides  with  the  axis  c,  or  with  the 
titanium  axis  of  the  molecule,  precisely  as  it  does  in  both  anatase  and 
rutile. 

The  thermal  expansion  has  been  studied  by  Schrauf,  who  obtained  the 
following  coefficients  at  17°  C. :  a,  OO4I449 ;  6,  OO4I92  ;  c,  0042205. 

We  may  here  return  to  the  question  of  thermal  expansion  in  connection 
with  all  the  members  of  this  polymorphous  series. 

There  are  at  least  three  ways  in  which  changes  of  temperature  may  affect 
the  relative  dimensions  of  a  crystal  Confining  our  attention  to  a  rise 
of  temperature,  this  may  act :  (1)  by  enlarging  the  space  dominated  by  one  set 
of  atoms,  oxygen,  for  instance,  to  a  greater  extent  than  that  of  the  others. 
This  will  account  for  the  relative  changes  in  the  length  of  the  axes  in  the  case 
of  rutile,  where  the  question  is  not  complicated  by  changes  of  configuration ; 
but  it  is  inapplicable  to  anatase,  the  coefficients  of  which  are  in  the  inverse 
order  of  magnitude  to  that  which  this  change  would  produce;  (2)  In  the 
next  place,  a  rise  of  temperature  might  cause  the  atoms  of  one  kind,  say  the 
oxygen,  to  become  more  remote  from  each  other,  allowing  the  other 
titaniimi  atoms  to  make  a  closer  approach.  This  is  what,  by  hypothesis, 
must  happen  in  the  case  of  the  molecules  of  anatase  and  brookite :  but 
in  this  case  also  the  change  in  the  dimensions  of  the  axes,  at  least  in  the 
case  of  anatase,  is  in  the  opposite  relation  to  that  found  by  observation. 
(3)  There  remains  then  the  third  factor  :  the  rise  in  temperature  may 
initiate  those  changes  in  the  configuration-  by  which  ultimately  one  form 
passes  into  another.  The  final  change  may  well  be  abrupt,  but  there  would 
aeem  to  be  no  good  reason  why  preparatory  movements  may  not  be  set  up 
long  before  the  final  change. 

Looked  at  from  this  point  of  view,  the  relative  length  of  the  topic  axes  in 
the  several  polymorphs  might  be  expected  to  throw  some  light  on  the 
matter ;  they  give  the  integral  effect  of  the  various  changes  along  definite 
directions.  In  the  following  table  the  topic  axes  are  compared,  the  c  axis  of 
rutile  being  homologised  with  the  a  axis  of  anatase : — 


a. 

'■ 

. 

Anatase 

2-543 
2-464 
2-380 

2-543 
2-930 
3-257 

1 
3-188 

Srookitc 

2-766 

Rutile 

3  -267 
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It  will  be  seen  that  the  .a  axis  oonaJBtently  diminiBhee  throogfaoat  the  i 
and  this  is  in  harmony  with  Schraof  s  observation  of  a  negative  ooeffident^  in 
the  case  of  anatase.  But  the  second  a  axis  of  anatase  (&  in  the  table)  diOQld 
give  a  positive  ooeffioient  It  is  barely  possible  that  it  does  so^  and  in  tins 
might  be  found  the  reconciliation  between  the  apparently  discordant  obser- 
servations  of  Sobrauf  and  Fizeau.  On  the  other  hand,  tihe  oomplioatod 
change  which  occurs  in  passing  from  anatase  to  brookite  woold  seem  to 
render  it  necessary  to  consider  the  axes  b  and  c  of  brookite  together,  and  to 
compare  tliem  with  the  second  a  axis  and  the  e  axis  of  anatase  taken 
together.  We  then  have  for  anatase  ax  ess  8095,  and  for  farookits 
h  X  ess  8*105,  a  very  insignificant  expansion. 

Turning  next  to  the  relations  between  brookite  and  rutile,  the  topic 
suggest  a  contraction  along  the  a  axis,  and  an  expansion  along  the 
b  and  €,  but  to  a  greater  amount  along  e  than  b.  In  correspondence  with  this, 
we  find  that  the  expansion  (instead  of  contraction)  which  takes  place  along 
a  is  represented  by  the  minimum  coefiicient,  and  that  the  expansion  along  e 
is  greater  than  along  b. 

Considering  how  many  factors  enter  into  the  problem,  this  amount  of 
agreement  is  as  great  as  we  can  expect.  It  does  not  perhaps  lend  much 
confirmation  to  our  hypothetical  configuration,  but  relieves  it  from  serious 
objections. 

Using  constant  dimensions  for  our  atoms,  we  have  been  able  to  build  them 
up  according  to  the  strict  laws  of  crystalline  symmetry  into  the  three  forms 
characteristic  of  the  different  polymorphs  of  titanium  oxide,  we  have  obtained 
for  our  hypothetical  configurations  similar  volumes  and  similar  parametral 
ratios  to  those  determined  by  observation,  and  we  have  shown  how  the 
properties  of  these  configurations  are  in  harmony  with  what  is  known  of  the 
thermal  and  optical  properties  of  the  minerals  they  repi-esent.  If,  however, 
our  speculations  possess  any  basis  of  truth,  we  should  be  able  not  only 
to  explain  the  polymorphs,  but  also  the  isomorphs  of  titanium  oxide,  such 
as  tinstone  and  zircon,  which  crj'stallise  in  similar  forms  to  rutile.  I  have 
not  as  yet  sufiiciently  studied  the  volumes  of  silicon  and  zirconium,  and  must 
therefore  confine  myself  for  the  present  to  tinstone. 
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The  metal  tin  crystallises  in  the  tetragonal  system,  and  consequently  its 
atoms  are  probably  not  true  spheres,  or,  what  possibly  comes  to  the  same 
thing,  their  poles  are  not  of  equal  value.  In  the  absence  of  information 
as  to  the  parametral  ratio  of  the  crystals,  it  is  impossible  to  estimate  what 
amount  of  deviation  from  the  spherical  form  exists;  but  we  may  expect 
to  find  some  anomalies  consequent  upon  it  in  studying  the  metal  in  its 
compounds.  We  have  already  had  occasion  to  refer  to  one  of  these  compounds* 
when  we  took  for  the  diameter  of  the  atom  of  tin  the  number  2*535,  which  we 
will  i^ain  adopt.  The  specific  gravity  of  tinstone  lies  between  6*8  and  7*1, 
and  the  molecular  weight  is  150*7 ;  the  volume  ranges,  therefore,  from  21*2 
to  22-5. 

We  imagine  the  crystal  to  be  built  up  in  precisely  the  same  way  as 
rutile.  The  area  of  the  base  of  our  elementary  piism  is  consequently  equal 
to  (2R)^  or  2*535^  i.e.,  to  6*4262 ;  the  height  is  given  approximately  by  the 
formula  2R  -f  r,  which  is  correct  to  the  fourth  place  of  decimals ;  it  amounts 
to  3*4175,  and  this  multiplied  into  6*4263  gives  21*96  as  the  volume  found 
from  the  configuration :  thus  very  nearly  equal  to  the  mean  of  the  observed 
values. 

The  parametral  ratio  found  from  the  configuration  is  1 :  0*6355  ;  while  by 
observation  it  amounts  to  1:0*672,  a  difference  of  0*037.  This  is  more 
accordant  than  might  have  been  expected. 

It  may  be  pointed  out  that  if  molecular  volumes  assist  us  to  understand 
crystalline  structure,  the  converse  is  also  true  that  crystalline  structure  throws 
some  light  on  the  anomalies  presented  by  molecular  volumes.  Taken  in  the 
gross  the  volumes  of  the  three  forms  of  titanium  oxide  can  only  awaken 
distrust  in  the  significance  of  atomic  volumes ;  thus,  if  we  deduct  the  gross 
atomic  volume  of  titanium  from  the  volumes  of  the  dioxide  in  its  several 
forms  we  have  the  following  results : — 

Ti.        Oj, 

Anatase  20*6  —13*4  =  7'2,  or  volume  of  one  atom  of  0,  3*6. 

Brookite  19*97-13*4  =  6*6,                „                „  3*3. 

Entile...  18*4  -13*4  =  5-0,                „                „  2*5. 

Thus,  by  this  method,  the  volume  of  one  atom  of  oxygen  is  found  to  be 
both  inconstant  and  unduly  low,  but  a  study  of  the  crystalline  structure 
shows  that  the  irregularity  may  be  merely  apparent,  and  restores  us  the 
oxygen  with  a  constant  and  normal  volume  (5*5). 

Before  writing  this  account  I  was  unaware  that  the  subject  had  already 
been  treated  by  previous  writers ;  a  valuable  literature,  however,  exists. 
♦  *  Roy.  Soc.  Proc./  vol.  63,  p.  297,  1898. 
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Sdnftaf  has  puUiahed  some  highly  speculative  views,*  and  attabatss 

Tutile  the  stractore  we  have  assigned  to  anatase.     Prior  has  made 

suggestive  remarks  on  the  homologies  of  titanium  oxide^f  to  Miueh  X 

•to  reeor  when  treating  further  of  the  isomorphs  of  this  sabetanoe. 

woik  which  most  nearly  touches  my  own  is  by  Baumhauer,!  who» 

his  attention  to  anatase,  arrives  at  a  similar  molecular  and  oiystaUilM^s^ 

structure  to  that  advocated  here,  and  he  supports  his  conolusions  by  a 

of  important  arguments  based  on  the  crystalline  fcHm,  and  etoh  figues 

in  relation  to  a  Bravais  net ;  but  the  atoms  of  the  molecule  axe 

i&iair  centres  only,  and  no  attempt  is  made  to  discuss  the  question  of 

volumes. 

*  Albrecht   Schraof,  ^Ueber  die  IVimorpliie  n.  die  AiudehnongMoei&oisnten  tq^^ 
Utandioxyd.,"  '  Zeita.  f.  Kryst  u.  Min.,*  1884,  yol  9,  p.  483. 
f  G.  T.  Prior,  **  Molecular  Yoliime  and  Chemical  Compontioi,"  *  lOa.  MBg^* 

▼oL  13,  p.  ssa 

}  H.  Baumhaner,  "  Die  Krystallstructur  des  Anataa,"  *  Zeita  f.  Kiyvt,'  19U,  toL 
PlS5& 
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^^j&port  on  the  Eruptions  of  the  SovfHere  in  St.  Vincent  in  1902, 
and  on  a  Visit  to  Montagne  Pelee  in  Martinique.  Part  11. — 
The  Changes  in  the  Districts  and  tlie  Subsequent  Histof^y  of 
the  Volcanoes. 

By  Dr.  Tempest  Anderson. 

(Communicated  by  Professor  T.  6.  Bonney,  F.R.S.    Received  January  11, — 

Read  January  23,  1908.) 

(Abstract.) 

jCiiis  Report,  and  the  accompanying  Report  by  Dr.  Flott  on  The  Petrology 

Itiie  Ejected  Materials,  form  the  sequel  to  the  Report  by  Drs.  Tempest 

id^rson  and  J.  S.  Flett  on  "The  Eruptions  of  the  Soufri^re  in  St.  Vincent 

A  S02,  and  on  a  Visit  to  Montagne  Pel^e  in  Martinique,  Part. I." 

-^k^  *  the  time  when  that  Report  was  published  it  was  contemplated  that  an 

3c:>  -«ant  should  be  given  later  on  of  the  subsequent  changes  in  the  deposits 

"v^<z>lcanic  ejecta,  and  also  on  the  petrology  of  the  specimens  collected  in 

O^S.    In  the  spring  of  1907  I  visited  the  West  Indies,  but  Dr.  Flett  was 

f<=»xtunately  detained  in  England  by  his  oiiicial  duties.     I  am  therefore 

p^onsible  for  the  field  observations  on  the  topography  and  geology,  and  on 

'    :»:^tum  of  vegetation,  while  Dr.  Flett's  Report  deals  with  the  petrology  of 

^^jected  materials. 

^     description  of  the  topography  of  the  Soufriire  volcano  and  of  the  details 

t^  tie  immediate  results  of  the  eruption  of  1902  are  contained  in  the  pub- 

^<i  Report,  Part  I.     The  principal  points  of  interest  in  the  observations 

-^^  during  my  second  visit  lie  in  (i)  the  changes  wrought  by  denudation  on 

^ieposits  left  by  that  eruption ;  (ii)  the  light  thrown  by  those  changes  on 

«^>peration  of  the  forces  which  had  moulded  the  features  of  this  island  in 

"^rlier  history ;  (iii)  the  information  I  was  able  to  collect  with  regard  to 

^^olcanic  disturbances  subsequent  to  the  great  eruption  of  May,  1902 ; 

^iv)  the  return  of  vegetation  to  the  devastated  areas. 

the  1902  eruption  a  certain  amount  of  the  ejecta  overtopped  the  Somma 

i.e.,  the  remains  of  the  original  great  crater,  and  descended  some  of  the 

ys  to  the  north  of  it ;  but  by  far  the  greater  portion  was  discharged  into 

ransverse  depression  which  extends  right  across  the  island  and  separates 

•oufri^re  from  the  mountain  known  as  Morne  Garu,  about  three  miles 

\  south.    The  water  from  the  crater  lake  was  discharged  at  the  beginning 

eruption  down  the  Rabaka  and  Wallibu  rivers,  while  the  solid  and 
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gaseous  ejecta,  in  the  fonn  of  the  incandescent  avalanches  and  Uack  ddadftt 
descended  to  both  sides  of  the  island. 

The  most  important  geological  phanomena  were  observed  in  the  Wallibu 
district  These  phenomena  have  been  fully  described  in  the  pabliahed  Bepoc^ 
(Part  I,  p.  428  et  aeq.\  as  also  the  subsidence  of  part  of  the  coast    To  bb^ 
district  therefore,  attention  was  especially  directed  in  1907,  with  the  view     ^ 
observing  the  further  progress  of  the  changes  and  the  return  of  vegetation^ 

A  description  of  the  Wallibu  vaUey  is  given  in  the  full  paper.    In  i 
district  the  beds  of  newer  date  have  been  dissected  into  flat-topped  platoa^^ 
by  small  rivers  running  in  deep  goiges,  which  have  again  been  filled  in  ] 
by  ejecta  of  eruptions  and  re-excavated  in  different  degrees,  and  sometimes 
different  lines,  leaving  plateaux  and  terraces  of  different  ages  and  heigL 
This  action  is  weU  exemplified  in  the  lower  Valley  of  the  Wallibu.    In  i 
1902  eruption  this  part  of  the  valley  was  filled  by  the  incandescent  av 
to  a  depth  of  at  least  100  feet  in  the  upper  part  and  less  towards  the  i 
and  it  was  in  j^  deposit  of  hot  ash  that  the  explosions  of  steam  and  hot  aafc 
flows  of  boiling  mud  and  other  secondary  phenomena  took  place.    In  1907 
almost  the  whole  of  this  ash  had  been  washed  away,  but  a  fragmmt  remained 
in  the  shape  of  a  terrace  60  to  80  feet  high,  situated  on  the  north  side  of  the 
valley.    The  ash  of  which  it  is  formed  is  unstratified,  and  contains  very  few 
ejected  blocks  or  fragments  of  any  kind!    The  floor  of  the  valley  is  all  com- 
posed of  water-sorted  material,  chiefly  gravel  and  coarse  sand,  but  with  a 
good  many  blocks  as  big  as  a  man's  head.    They  represent  ejected  blocks  and 
fragments  of  lava  derived  partly  from  the  ash  of  1902  and  partly  from  older 
beds,  the  fine  ash  in  each  case  having  been  washed  away.    The  surface  of 
the  gravel  bed  showed  marks  of  quite  recent  running  water,  and  during  the 
last  winter,  1906-7,  the  river  ran  along  the  foot  of  the  north  bank  of    the 
valley.    When  examined  in  March,  1907,  it  ran  along  the  south  side  of  the 
valley,  and  had  already  in  those  few  months  excavated  a  new  channel  about 
30  feet  in  depth.    The  stratification,  as  exposed  in  the  side  of  this  new- 
valley,  is  very  distinct,  and  the  sorting  by  water,  mentioned  above,  is  very 
evident    Further  up  the  mountain  the  remains  of  the  avalanche  became 
more  abundant  in  the  valley  bottoms,  and  here  they  were  also  often  better 
preserved,  so  that  traces  of  the  feather  pattern  erosion,  so  noticeable  in  1902, 
were  still  visible  on  the  surface.    This  was  mainly  due  to  the  surface  of  these 
ash  deposits,  like  those  to  be  presently  mentioned  on  the  plateaux  and  on  the 
ridges,  having  consolidated  into  a  crust  almost  like  a  cement  pavement  which 
resists  the  action  of  the  rain. 

Another  interesting  point  was  observed  with  regard  to  these  massive  ash 
deposits.    Instead  of  one  sti-eam  re-establishing  itself  along  the  centre  of 
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the  deposit,  the  tendency  is  for  a  new  stream  to  form  on  each  side  at  or  near 

the  junction  of  the  new  ash  with  the  old  valley  slopes;  and,  as  these 

streams  deepen  themselves,  two  new  valleys  are  formed  where  only  one 

previously  existed,  and  the  walls  of  each  are  composed  on  the  one  side  of 

the  new  ash  and  on  the  other  of  older  tuff,  with  occasional  terraces  of  new 

ish.     It  appears  to  be  due  to  the .  fact  that  the  water  from  the  old  slopes, 

in  running  down  into  the  original  valley,  meets  the  soft  new  ash,  and  at  once 

sums  down  along  the  valley  and  so  starts  the  new  stream,  and  it  seems  likely 

ihat  the  chief  cause  of  its  so  turning  is  that  the  surface  of  the  deposit  tends 

x>  be  higher  along  the  middle  of  the  valley  than  at  the  sides,  as  is  usual 

i^ith  mud-streams  or  glaciers.     A  good  example  of  the  action  above  described 

ji  to  be  found  in  a  wide  valley  to  the  north  of  and  parallel  with  the  lower 

l^allibu  valley  and  bounded  on  the  south  by  the  Wallibu  plateau.     Before 

the  1812  eruption  the  Wallibu  river  flowed  down  this  valley,  but  its  course 

was  changed  after  that  eruption.    The  floor  of  the  valley  is  now  occupied  by 

the  gorges  of  two  small  rivers,  divided  by  a  very  narrow  ridge,  formed  of 

ash  diCTerent  from  and  less  consolidated  than  that  composing  the  walls  of 

the  main  valley,  and  considerably  lower  than  the  Wallibu  plateau.     In  1902 

both  these  gorges  were  filled  with  new  ash  to  the  level  of  the  main  valley 

floor.    One  of  these,  the  Tresp^  gorge,  now  emptied  of  the  1902  ash,  shows 

its  north  wall  to  be  much  higher  than  the  south,  and  also  formed  of  older 

and  more  consolidated  tuff.    The  same  conditions,  with  sides  reversed,  are 

seen  in  the  other  gorge,  the  higher  bank  in  that  case  being  the  Wallibu 

plateau  to  the  south. 

The  Wallibu  plateau  is  composed  of  ash  older,  than  that  dividing  the 
above  two  small  rivers,  but  still  comparatively  new,  and  its  flat  top  and  pre- 
cipitous sides,  both  north  and  south,  proclaim  it  to  be  in  an  early  stage  of 
denudation,  while  the  south  bank  of  the  Wallibu  river  on  the  south  of  the 
plateau  is  composed  of  older  tuff  and  lava,  and  shows  a  much  more  mature 
type  of  denudation,  viz.,  sloping  hills  with  rounded  or  ridged  tops,  and  a  good 
deal  weathered  into  valleys  or  gullies.  The  north  face  of  the  plateau,  like 
the  south,  is  precipitous  and  obviously  much  less  advanced  in  weathering 
than  the  slopes  of  the  Soufri^re  on  the  opposite  side  of  the  broad  valley  of 
the  Wallibu  Dry,  and  Tresp^  rivers  to  its  north.  The  mass  appears  to  be 
the  remains  of  an  avalanche,  or  succession  of  avalanches,  of  hot  ash  poured 
into  the  depression  between  the  Soufrifere  and  Mome  Garu,  on  an  enormously 
larger  scale  than  anything  formed  by  recent  eruptions.  It  may  be  that  the 
present  bed  of  the  Wallibu  to  the  south  and  the  broad  valley  to  the  north  are 
enlarged  and  deeply-excavated  developments  of  the  valleys  that  were  formed 
at  the  sides  of  this  prehistoric  avalanche. 
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Deacsriptions  of  the  changes  in  the  tans  and  low  plateaioc  aafanqnent  to 
1902 ;  of  the  ahore  sabaidenoe ;  and  of  the  upper  alopea  of  the  mountain,  aie 
given  in  the  full  Beport^  aa  well  aa  a  detailed  deacriptbn  of  the  dafeer  as  aeen 
in  1907.  This  is  beat  explained  by  referenoe  to  the  platee  aooompanying  the 
Seport 

The  topography  of  the  old  crater -ia  atill  oonectly  repreaented  on  .tiie 
Admiralty  Chart  (publiahed  with  the  Beport,  Part  I)l    The  whole  of  tha 
interior  of  the  crater  is  atill  quite  bare,  without  any  trace  of  letaruing  vega- 
tation ;  amall  patohea  of  moaa  appear  about  the  rim  and  on  the  akipesoatBi|d&* 
then  graasea  and  herbaceoua  planta»  and  laatly,  below  a  heighfe  of  aboav^ 
1600  feet,  luxuriant  tropical  vegetation. 

The  preaent  condition  of  the  devastated  areaa  ia  deacribed  fiilly  in 
Beport,  which containa  alaoahistory  of  aubaidiaryeruptiona  which  followed 
great  one  of  May,  1902.    The  difference  in  character  between  the  erapl 
of  the  Soufri6re  axA  Montague  Pelte.  referred  to  in  the  Beport  of  1902,  a] 
to  have  continued  aince  that  year,  the  outburata  from  the  former  volcano 
generally  lesa  frequent  but  more  violent  than  from  the  latter. 

The  Beport  also  contains  an  account  of  a  aubaequent  visit  to  the 
of  Montagne  Pelde,  in  Martinique,  with  a  deacription  of  the  cmter  as  I 
found  it ;  a  diacuaaion  of  the  phenomena  of  the  remarkable  extnuion 
aubaequent  destruction  of  the  Dome  and  Spine,  which  have  been  deacribed 
Lacroix  and  others,  and  a  comparison  of  the  sequelae  of  the  great  eruptions 
the  two  islands  of  Martinique  and  St.  Vincent. 
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he  Obsen^ation  of  Sun  and  Stars  made  in  some  Binlish  Stone 
Circles.     Third  Note. — The  Aberdeenshire  Circles. 

IR  Norman  Lockyer,  K.C.B.,  F.E.S.,  Hon.  LL.D.,  Hon.  Sc  J).,  Director 
Solar  Physics  Observatory. 

(Received  January  15, — Eead  January  30,  1908.) 

previous  communications  to  the  Royal  Society,*  I  have  shown  that  if 
nsider  the  sun's  declination  at  the  quarter-days  of  the  May  year  cmd  at 
)l6tices,  and  also  the  changes  due  to  precession  in  the  places  of  five  or 
the  more  conspicuous  stars  visible,  at  any  epoch,  in  these  latitudes  we 
3le  to  account  for  the  alignments  investigated  in  the  stone  monuments 
mwall  and  Devon. 

e  present  paper  deals  with  a  special  class  of  circles  in  Aberdeenshire  in 
I  the  method  of  indicating  alignments  shows  a  striking  difference. 
]!omish  method  was  that  still  set  out  in  the  instructions  for  the  erection 
e  Gorsedd  circle  of  the  Welsh  Eisteddfod,f  the  sighting,  or  directing, 
3  were  placed  some  distance  outside  the  circle.  In  Aberdeenshire  the 
od  employed  was  to  place  a  long,  recumbent  stone  generally  between 
I  the  upright  stones  of  the  circle  itself  and  to  obtedn  the  direction  of 
Lsing  sun  or  star  by  sighting  across  the  circle  at  right  angles  to  the 
li  of  the  recumbent  stone. 

every  case  yet  investigated,  with  two  exceptions  where  there  had  been 
rbance,  I  have  found  this  sight-line  to  have  had  apparently  the  same 
al  direction,  and  therefore  the  same  astronomical  use  as  in  Cornwall, 
the  tables,  1  give  the  name  of  the  circle,  followed  by  the  magnetic,, 
ith  of  the  direction  of  the  longest  surface  of  the  recumbent  stone 
ds  E.,  as  determined  with  a  Barker  clino-compass.  Deducting 
15' — the  westerly  variation  of  the  compass  in  Aberdeenshire  at  the 
tit  time — from  this,  we  obtain  the  true  azimuth,  which  is  given  aa 
ned  from  N.  through  E.  On  deducting  90°  from  this,  we  get  the  line  at 
angles,  which  I  believe  to  be  the  sight-line  for  which  the  circle  was 
jd ;  of  this  the  true  azimuth  is  also  giyen. 

e  local  conditions  often  militate  against  the  exact  determination  of  the 
tion  of  the  horizon,  but,  where  possible,  I  measured  it  approximately 
the  compass-clinometer  and  state  the  results. 
Eloy,  Soc.  Froc.,*  toL  76,  A,  p.  177,  March  15,  1906,  and  vol.  77,  A,  p.  465,  March  19,. 

ee  'Nature,'  vol.  76,  p.  9. 
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The  alignmeats  a?e  limited  to  four  regioas  with  about  ike   foUo^ 

aziinuths : — 

N.  43°  E,     The  aunriae  at  the  sutnmer  Boktioe. 

K  59*^  E,     The  sunrise  in  May. 

K  5*^—30^  E,    Clock-star  observations. 


True  north, 
I  take  them  in  this  order. 


SuvwiiT  Sofdicf, 


I  found  tliat  three  cirelejs  wern  probably  erected  to  watch  the  suuii 
Bolstice  sunrise.    The  foUowiug  table  (I)  showR  the  results  of  the  meafia- 
With  thefle  eircles  accurate  meaBurement  i&  a  dilficult  matter  and,  m 
determination  of  the  date  of  erection  from  the  variation  of  the  oblit|uit>^ 
the  ecliptic  entaiU  very  precise  measures,  I  content  myself  with  pnnting' 
that  the  declinations  are  solstitial  aTid  that  thev  agree,  in  the  mean,  with 
values  previously  obtained  for  the  English  solstitial  circles. 

Table  I. 


Cipcl0 


Midmiir  .,-. ^.. 

Staueh<^  (IIIN^h),.< 

Mean  of  aboTc... 


Ajimuthd, 


M&i^etic, 

lueati  of 

obftoi^BticniB, 


165  16 
146  15 


Trnej,  from 
N.  through  E. 


lae  an 

127  30 


True J  Kt 
iHght'Kngli»s 


N. 52  35  E. 
46  30 
a?  30 


Eleyatloii 
of  the 
hon£ou. 


I>ecliii*tM.-' 


*  *  At  Sunhoney,  as  the  recumbent  stone  was  curred  and  irregolar,  it  was  simpler  to 
directly  across  the  circle  at  right-angles  to  the  length  of  the  recumbent  stone;  the 
azimuth  thus  obtained  was  71°  20'. 

Table  II. — English  Monuments,  for  Comparison. 


Monument  at — 

Alignment. 

Azimuth 
(true). 

Eleration 
of  the 
horizon. 

Bediaft^^ 
tion 

Stonehenge 

Stanton  Drew   

Direction  of  avenue  from  circle 

Q-reat  circle  to  N.E.  circle  

Centre  of  circle  to  fine  meifhir 
Centre  of  circle  to  holed  stones 

O          / 

N.49  84E. 
61    0 
63  SO 
63  20 
60  80 

o      / 

0  85 

1  5 
1  16 
1  16 
084 

••• 

O         i 

28  64 

S8  40 

Bo8cawen«Un   

28  68 

Treget»eal  

28    2 

Longstone    (Tregeseal) 

To  M6n.an-Tol 

24    7     1 

*•    '     P 

Mean  of  above  ... 

... 

28  84 

Stars  made  in  some  British  Stoiie  Circles. 
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May-year,    Sun's  Dfdination  16^  20'  N.  {May  6,  August  8). 

f  the  circles,  as  shown  in  Table  III,  were  apparently  erected  for  the 
!on  of  sunrise  at  the  commencement  of  the  May-year.  A  comparison 
)sult8  given  in  this  table  with  those  given  in  Table  IV  shows  how 
r  agree,  in  the  mean,  with  the  results  obtained  from  the  previous 
tion  of  May-sun  alignments  in  Cornwall  and  Devon. 


Table  III. 


Azimuths. 

Eleyation 

of  the 

horizon. 

Declina. 
tion 

N. 

Dates. 

Magnetio 

mean  of 

obftexTations. 

True,  from 

N.  through 

E. 

True,  at 
right^ngles 
acroM  circle. 

Maj. 

August. 

o 

170 
166 

o        / 

161  16 
147  16 

o        / 

N.61  16  E. 
N.57  16 E. 

o 

1 
i 

(assumed) 

o        / 

16  80 

17  8 

May  8 
May  9 

Aug.  11 
Aug.    6 

ne    ... 

Fe 

16  19 

May  6 

Aug.    8 

'able  IV. — May-year  Alignments  in  England,  for  Comparison. 


Alignment. 

Azimuth. 

Elevation 

of 
horizon. 

Declina. 
tion 

N. 

Dates. 

May. 

August. 

Circle  to  two  large  menhirs 
Circle  to  Eousrou  

O          f 

N.66  60 E. 
N.64    OE. 
N.67  20 E. 
N.67    OE. 
N.67    OE. 

N.64    OE. 

N.64    OE. 
N.64    OE. 

0  / 

1  0 

0  80 

1  18 
0    0 
0  80 

(assumed) 

0  80 
(assumed) 

1  80 
1  80 

o        t 

14  66 
16  21 
16    8 
14    8 
14  28 

16  21 

16  66 
16  66 

Mayl 

May  6 

May  2 

April  29 

April  80 

May  6 

Mays 
Mays 

Aug.  18 
Aug.    8 
Aug.  13 
Aug.  16 
Aug.  16 

Aug.    8 

Aug.    6 
Aug.    6 

Circle  to  Longstone 

:eseal) 

To  W.  Lanyon  Quoit  

Direction  of  ayenue 

Holy    well    to    Treyethy 

cromlech 
Orientation  of  cromlech ... 

h 

iwton) 

Te 

16  88     1    May  4 

Aug.  10 

iition  to  those  given  in  Table  IV,  I  have  found*  that  Lukist  and 
give  plans  of  a  number  of  cromlechs  in  Cornwall  which  appear  to  be 
to  the  May  sim. 

*  See  *  Nature,'  No.  1987,  vol.  77,  p.  84,  November  28,  1907. 
t  *  The  Prehifltoric  Stone  Monuments  of  Britain— Cornwall.' 
\  *  Antiquities  of  Cornwall.' 

LXXX. — A.  U 
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Thej  are  as  follows :— 


Qromleoh. 

AjoSSba^. 

Awmilb. 

l^mmn  Qnoit  

BoriMeiplAlexii  ... 

Loku;  pfi^xix 

Lnkbipkiexx  

Lokiet  plate  zxi 

Lnkisipktezsii    ... 

...           ••. 

• 

v.ess. 

K.68E. 
lf.64E. 
K.MB. 
V.MB. 

Mnlfrn  Quoit  

Ghjwoono  Qnoit 

Zennor  Qamt   

Three  Brothen  Grugith... 
McMiofaboTe... 

v.Giru'B. 

Assumiiig  an  elevation  of  the  horiion  between  ^  and  1^,  tbia  mean  tahi 
is  the  exact  azimuth  of  the  May  Bonriae  in  ChnmwalL 

Clock-dars. 

Table  Y  contains  the  results  for  15  circles,  in  each  of  which  the  olMr- 
vation  of  a  dock-star*  appears  to  be  indicated.  From  the  data  in  the  tabki 
the  declinations  of  the  stars  were  determined  from  a  curve  conneoting 
azimuth  and  declination,  for  di£forent  elevations  of  the  horiiEon,  for  the 
general  latitude  of  57^  N. ;  consequently  they  are  not  final,  bat  are  suffi- 
ciently accurate  for  a  preliminary  discussion. 

Between  2000  B.C.  and  1  B.c.  Arcturus  and  Capella  were  the  only  first- 
magnitude  stars  to  come  within  the  declination  range  shown  in  the  table, 
and,  as  my  results  show  that  they  were  used  as  clock-stars  in  Cornwall  and 
Devon,f  I  consider  that  the  evidence  in  their  favour  warrants  the  assump- 
tion that  one  of  them  was  used  as  a  clock-star  by  the  circle-builders  of 
Aberdeenshire,  therefore  I  give  the  dates  for  Arcturus  and  Capella  respec- 
tively. 


♦  See  *  Roy.  Soc.  Proc.,*  vol  77,  pp.  406—408. 
t  *Roy.  Soc  Proc.,'  loi\  cH. 
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Table  V. 


Circle 


Azimuths. 


Magnetic 

mean  of 

obeexrations. 


True,  from 

K.  throngh 

E. 


True,  at 
right^ingles 
across  circle. 


Elevation 

Declina- 

of the 

tion 

horizon. 

N. 

Bates  B.C. 


Arcturus. 


Capella. 


Inehead  Leslie 

pledge 

'iCNidon  Wood    

t^Qomagom 

B^snton  Wells    

3UKwg 

SonlhFomet 

tfaOier  Boddam 

feBrae 
Eraser 

^ewOnog  

Loanhead  of  Baviot 
Brkton  of  Bourtie.. 

>>tliieHuir   

Sdiethe  Greater  .. 


182  20 

123  0 
120  40 

124  0 
190  80 
188  0 
116  48 
ISO  0 
118  0 
129  86 
129  84 
116  45 
128  80 
127  40 
118  80 


113  86 

104  15 
101  55 

105  15 
111  45 
119  15 

98  8 
111  15 

94  15 
110  51 
110  49 

98  0 
104  45 
108  55 

94  45 


N.23 
N.14 
N.ll 
N.15 
N.21 
N.29 
N.  8 
N.21 
N.  4 
N.20 
N.20 
N.  8 
N.14 
N.18 
N.  4 


35  E. 
15  E. 
55  E. 
15  £. 
45  £. 
15  E. 

SE. 
15  E. 
15  E. 
51  E. 
49  E. 

OE. 
45  E. 
55  B. 
45  E. 


U 

0 

0 

2 

4 

0 

2 

0 

2k 

24 

1 

2* 

4 

2i 


80  58 
31  18 

81  88 
81  42 
81  52 

81  55 

82  4 
82  8 
82  18 
82  42 

82  48 

83  14 

83  57 

84  42 

85  5 


250 
880 
870 
890 
420 
480 
450 
460 
500 
570 
670 
660 
770 
920 
980 


2000 
1940 
1890 
1860 
1880 
1820 
1800 
1790 
1760 
1680 
1680 
1580 
1460 
1300 
1230 


Comparing  these  results  with  those  given  for  the  English  circles  in  the 
previons  paper,*  the  similarity  of  the  object  in  view,  and  the  means  of 
attaining  it,  are,  I  think,  obvious. 

The  mean  date  for  Arcturus  is  about  600  B.C.,  and  for  Capella  about 
1600  B.C.  Collateral  evidence  suggests  that  Arcturus  was  the  clock-star 
employed,  but  more  observations  and  enquiries  are  necessary  to  determine 
finally  this  point. 

Due  North  AlignmeTUs, 

In  addition  to  the  circles  mentioned  above,  there  are  four  in  Aberdeenshire 
in  which  the  alignments  are  due  north.  They  are  respectively  situated  at 
Dyce,  Whitehill  Wood,  Eaes  of  Clune  and  Candle  Hill  (Insch),  and 
probably  represent  a  later  development  when  the  observer's  knowledge 
was  so  far  advanced  that  he  needed  only  the  cardinal  point  in  order  to 
recognise  the  clock-stars  which  it  was  necessary  for  him  to  observe. 

My  best  thanks  are  due  to  Dr.  Angus  Fraser,  Aberdeen;  Mr.  Bitchie, 
Port  Elphinstone ;  Mr.  Braid,  Durris ;  Eev.  D.  Forrest  and  Mr.  Ainslie, 
Mintlaw;  and  Colonel  Smith  and  Mr.  J.  Graham,  Callander,  Insch,  who 
assisted  me  in  many  ways  in  the  different  looalitiea  Mr.  W.  K  Bolston, 
F.B.A.S.,  one  of  my  staff,  has  computed  the  declinations  and  assisted  in  the 
preparation  of  this  paper;  the  dates  corresponding  with  the  declinations 
involved  have  been  taken  from  tables  furnished  by  Mr.  J.  N.  Stockwell,  of 
Cleveland,  U.S.A. 

•  « Boy.  Soc.  Froc.,'  vol.  77,  pp.  467—468,  March  19, 1906. 
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On  the  Determination  of  Viscosity  at  High  Temperatures. 

By  Charles  R  Fawsitt,  D.Sc.,  PLD^  Leotoier  on  Metallmgical  OhemiBt^      ■  ^ 
in  the  University  of  Glasgow.  | « 

(Communicated  by  ProfesBor  Andrew  Gray,  F.B.S.    BeceiTed  January  2S;— Biid 

February  13,  1908.) 

A  large  number  of  visoosity  determiuations  have  been  carried  oat  iritb 
liquids  at  temperatures  near  the  ordinary  room  temperature,  and  some 
observations  at  lower  and  higher  temperatures  have  also  been  made  1>7 
similar  methods  to  those  adopted  for  working  at  the  usual  temperatures. 

Measurements  at  temperatures  higher  than  SOO^  to  400^  G.  present  ooao^ 
siderable  difficulties,  and  until  the  present  year  tiiis  subjeot  had  not  ev^d^ 
.  been  touched  by  experimenters. 

As  I  was  anxious  to  determine  the  visoosity  of  substances  whioh  mel<»  ^ 
temperatures  up  to  a  white  heat,  I  lately  set  myself  to  work  ouft  ^ 
satisfactory  method  of  determination. 

The  present  communication  contains  a  description  of  Ae  method 
The  method  is  suitable  for  the  measurement  of  the  visoosity  of  liquids  wl 
are  not  very  viscous — not  more  than  say  50  times  as  viscous  as  water,  i 
is  especially  designed  for  the  determination  of  the  viscosity  of  mol#-^^^ 
metals  and  salts.    The  determination  of  the  viscosity  of  salts  up  to  1200° 
or  even  higher,  can   be  quite  satisfactorily  carried  out  by  this  meth" 
Deterniinatious  of  the  viscosity  of  metals  are  much  more  difficult,  owing 
the  impossibility  of  preventing  a  certain  amoimt  of  surface  oxidation, 
smallest  trace  of  surface  oxidation  will  completely  spoil  a  series  of  obser 
tions,  and  the  prevention  of  oxidation  is  really  the  chief  difficulty  in  su--^  -^ 
determinations. 

Previaus  Work  in  this  Branch, 

The  usual  method  adopted  for  the  determination  of  viscosity  at  ordinai^^ 
temperatures  depends  on  the  rate  of  flow  of  the  liquid  through  a  capillar'^^^^^ 
tube.      Tlie  determination    is   e€tsy  to  carry  out,  the  calculation  of  th^^^ 
viscosity  from  the  time  of  flow  is  simple,  and  the  experimental  results  i 
in  close  agreement  with  the  laws  of  flow  deduced  from  theoretical  oon-^ 
siderations. 

The  glass  capillary  has  l)eeu   used  up  to  250°  C.  by  Beck*  for  the 
determination  of  the  viscosity  of  fused  mercury  salts.    With  a  Jena  glass 
tube  tlie  method  has  ])cen  used  as  high  as  600°  C.  for  the  determination  of 
♦  'Zeit.  fiir  Physikal.  Clieui.,'  1907,  vol.  58,  pp.  425—441. 
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the  viscosity  of  lead  salts  *  A  platinum  capillary  has  heen  used  as  high  as 
500®  C.  by  Goodwin  and  Mailey.f  It  is  probable  that  this  is  about  the 
limit  of  temperature  to  which  the  capillary  method  may  be  used,  and  in  any 
case  it  did  not  appear  that  this  method  was  likely  to  be  employed  with  good 
results  for  metals  of  even  comparatively  low  melting  point. 

A  rough  method  of  determining  the  viscosity  of  molten  silicates,  depending 
3n  the  rate  at  which  a  platinum  wire  sinks  in  the  liquid,  has  been  used  by 
Doelter4  An  advance  on  this  is  an  interesting  apparatus  used  by  Amdt,§ 
Tirho  measured  the  rate  at  which  a  platinum  cylinder  fell  in  the  liquid. 
These  methods  of  Doelter  and  Arndt  can  only  be  used  for  very  viscous 
nibstances — for  liquids  whose  viscosity  is  more  than  1000  times  that  of 
^ater.  They  are  of  no  use  for  measurements  on  ordinary  salts  and  metals, 
vhich  appear,  in  general,  to  have  a  viscosity  not  more  than  100  times  that 
>f  water. 

Method, 

The  method  used  is  based  on  the  method  originally  given  by  Coulomb,|| 
he  modifications  introduced  being  due  to  the  special  nature  of  the  deter- 
oinations.  In  Coulomb's  method  a  horizontal  disc  is  allowed  to  execute 
horizontal  vibrations  about  a  vertical  suspending  wire  attached  to  its  centre. 
The  viscosity  of  the  liquid  can  be  calculated  from  the  rate  of  decay  of 
mplitude. 

In  recent  years  this  method  has  not  been  used  to  any  great  extent  for 
rdinary  viscosity  determinations,  and  this  can  probably  be  explained  from 
he  following  facts : — 

(1)  The  disc  used  has  to  be  fairly  large  (15  to  20  cm.  diameter  is  usual), 
nd  this  involves  the  use  of  rather  large  quantities  of  liquid ;  (2)  the  calcu- 
ition  of  viscosity  from  the  observations  of  experiment  is  much  more  involved 
han  in  the  case  of  the  capillary  method ;  (3)  an  error  made  in  the  obser- 
ations  produces  a  much  greater  error  in  the  (calculated)  value  of  the 
iscosity.  While  it  is  not  possible  to  get  rid  of  these  last  two  difficulties, 
his  method  is  nevertheless  capable  of  giving  good  results,  and  the  time 
Lecessaty  to  carry  out  a  determination  is  certainly  less  than  that  occupied 
»y  a  determination  according  to  the  capillary  tube  method. 

The  apparatus  as  employed  by  Coulomb  consisted  of  a  vertical  rigid  metal 
-od  several  inches  in  length,  which  was  fixed  at  its  upper  end  into  the  centre 

♦  Lorenz  and  Kalmus,  'Zeit.  fUr  Physikal.  Chem.,'  1907,  vol.  59,  pp.  244—261. 

t  •  Amer.  Chem.  Soc.  Trans.,'  1907,  voL  11,  pp.  211—223. 

X  <Sitz.  der  Kais.  Akad.  Wiss.  Wien,'  1906,  vol.  114,  p.  529. 

§  *Zeit.  ftir  Elektrochem,'  1907,  vol.  13,  pp.  678—682. 

II  <  Mem.  de  I'Institut  Nat  des  Sciences  et  Arts,'  1800,  vol.  Ill,  p.  246. 
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af  a  graduatad  metal  disc,  and  at  its  lower  end  into  another  disc  which  wa« 
ungraduated.  The  centre  of  the  upper  disc  was  provided  with  a  small 
aerew  arrangement  for  the  n^ception  of  the  suspension  wire,  tlie  iipi»er  end 
of  which  waa  fixed  t(j  a  rigid  support  The  apparatus  was  first  of  all  made 
to  oscillate  in  air,  and  the  logarithmic  deci'cment  of  the  amplitude  obtiiine4 
The  lower  diac  was  then  suhmerged  in  a  number  of  liquids,  and 
logarithmic  decrements  noted.  After  deducting  the  value  for  air  from  that 
obtained  for  each  liquid,  it  was  possible  to  compare  the  viscosities  of  liqtiifb  h 
whose  densities  were  known »  V 

The  method  has  been  considerably  improved  and  made  much  more  sensitive 
by  Stokes  *  Clerk  Maxwell,f  and  Meyer,t  and  it  has  been  shown  that  th« 
Tlacodtj  (17)  of  a  liquid  is  giveu  by  the  equation  m 

where  X  and  X^  are  the  logarithmic  decrements  of  the  apparatus  in  the  liquitEl^ 
and  in  air,  Ci,  C^  and  C^  ai'o  constants  depending  on  the  apparatus,  and  tfiL^^ 
the  density  of  the  liquid.  This  method  is  found  to  give  results  which  agrec-^ 
well  with  thet»ry  except  in  the  case  of  very  viBcous  liquids. 

In  adapting  this  method  to  high  temperature  work  the  following  difficulti^^ 
have  to  be  encountered : — 

(1)  It  is  ]iot  practicable,  when  working  on  a  laboratory  scale,  to  keep  la*"^^ 
quantities  of  liquid  at  a  high  temperature ;  it  is  desirable,  therefore,  to  maJ^ 
the  method  work  with  an  amount  of  liquid  which  will  be  taken  by  a  crucit^^ 
say  3  inches  deep  and  2^  inches  in  diameter.  The  dimensions  oi  t^^ 
immersed  solid  must  therefore  be  small. 

(2)  The  solid  whose  oscillations  are  to  be  damped,  and  other  accomponyi^^ 
parts,  cannot  be  made  too  small,  as  the  sensibility  of  the  aj^paratus  is  tbeie^^ 
decreased,  and  also  as  the  molten  salts  or  metals  corrode  the  parts  imxneia^^ 
too  rapidly. 

(3)  The  liquids,  especially  the  metals,  have  a  comparatively  high  densitg:^ 
and  the  apparatus  must  be  made  to  sink  in  these  to  the  proper  depth. 

A  consideration  of  the  decay  of  amplitude  in  torsional  oscillaticm^  whe^ 
applied  to  viscosity  determinations,  shows  that  it  is  made  up  of  three  parti^ 
the  first  due  to  the  defective  elasticity  of  the  wire,  the  second  to  the  viaoosit^ 
of  the  liquid,  and  the  third  due  to  the  loss  of  enexgy  conaeqieD^ 
on  a  simple  movement  of  translation  being  imparted  to  the  liquid.    If  j^ 

♦  *  Caxnb.  PhiL  Soc.  Trans.,'  1860,  vol.  f>,  II,  p.  8. 
t  *  Phil.  Trans.,'  1866,  voL  166,  pp.  24d— 268. 
X  *  Pogg.  Ann.,'  1866,  vol.  126,  p.  177. 
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lepioaent  the  ai&pUtude  and  t  the  time,  the  decrease  in  amplitude  from  these 
cauBes  Ib  given  as  follows : — 

where  ki,  k^,  and  A;3  are  constants. 
Combining  these  we  have 

-^=(A:i  +  i,)A+ifcgA».  (2) 

JCf  A  is  small,  and  if  kz  is  small,  i.e.,  if  the  translation  movement  com- 
jxiicated  to  the  liquid  is  small, 

— -^  =  (*?!  + ^'a)  A, 

ii+*^  =  ilog|2,  (3) 

kre  Ao  and  At  are  the  values  of  A  at  the  beginning  and  after  time  t.    In 
tt3L^.^s    case  the  logarithmic  decrement  for  successive  oscillations  is  constant. 

IHE.  the  velocity  of  movement  of  the  liquid  is  considerable,  the  last  term 
CB^M:m,  -mzkot  be  neglected  and  the  integral  has  the  form 

,,+,.  =  l,„g^_l,„,|±|^.  (4) 

HTjKn  this  case  the  logarithmic  decrement  is  not  constant  for  any  one  series 

oC  o^Mservations,  but  varies  with  the  amplitude.    As  it  is  necessary  that  the 

^'^c^ illations  should  conform  to  equation  (3),  the  energy  of  motion  communi- 

^^^^ti^^^  to  the  liquid  has  to  be  kept  to  a  minimum.     It  follows  that  the  body 

**^*l>x»erged  must  be  of  such  a  form  that  a  horizontal  section  through  any 

P^^i3ci.t  will  be  circular.    A  circular  disc,  a  sphere  or  a  cylinder  are  all  quite 

®*^i"fc^ble,  but  after  some  trials  with  these  I  have  returned  to  the  disc,  finding 

*^    ^^^^st  suited  to  the  present  purpose.    The  disc  used  was  26  mm.  in  diameter 

*"^^      1  to  8  mm.  thick.    For  temperatures  up  to  400°  C.  the  diameter  of  the 

'^'^•^■cm  (which  forms  the  axis  of  rotation)  was  1  to  3  mm. ;  for  higher  tem- 

P^^^^^^turee  it  was  3^  to  5J  mm.    It  is  very  important  that  the  disc  should  be 

an.   ^^^aot  circle,  and  should  rotate  truly  about  its  axis.    It  is  not  possible  to 

^^^^^^^-in  for  the  manufacture  of  the ,  disc  any  material  which  is  heavy  enough 

*^       ^Bink  in  metals,  and  at  the  same  time  resistant  enough   to  stand  the 


®^^^~^DBion  and  beat  of  the  liquid  in  which  it  is  placed.    The  only  way  out  of 

^^      difficulty  seemed    to  be  to  weight   the  apparatus  externally.      The 

^^^^^^'imt  of  this  weight  and  its  distance  from  the  disc  must  be  such  as  to 

^^^"^1  the  centre  of  gravity  of  the  rigid  part  of   the    apparatus  as  low 

X=^^)68ible,  otherwise  the  apparatus  will  not  swing  evenly  and  the  path  of 
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Any  l^rUuIa  of  Uio  i\im  UH>oiuea  an  ollipfie  instead  of  a  circle,  thus  making 
\hts  \\\K\\m\  mxxi^\MM\  to  tHiuation  (4)  instead  of  to  equation  (3^  The 
wts^ighi  \\*d\\  wai«  a  muall  inm  cylinder  clampeit  on  to  the  stem  about  1^  to 
i  inohtMi  aU»vt*  tho  dimv  For  U^mperatures  up  to  400®  C.  iron  is  quite 
«mil4\Ji^  an  a  umlt^ria)  for  the  di9i\  For  tomporatuies  up  to  a  white  beat  (me 
ii^^Y  Uit^  ti\\h0X  tli>H')^Y»  lU^  a  mixture  of  fireclay  and  plumbago.  In  making  a 
*Mrieii  iJt  oWrvalitui^  with  thi»  apj^aratus,  the  diac  is  allowed  to  sink  aboat 
half  au  iuoh  Mow  the  surf^Mg^of  the  liquid*  The  amplitude  of  the  oscillations 
U  i^diealtHl  bv  a  (x^uliMr  vwii>^>  at  ri^ht  angles  to  the  top  of  the  iron  rod 
>KKH>h  \>arr¥M  the  dvii.\  aihl  the  piL>inier  moves  above  a  circular  scale  divided 
iuK>  vW^iwv*.    The  aeeuwicy  ixf  the  okworvation  is  not  gn^kier  than  l^  to  J^, 

and  ihe  avenge  value  of  the  logarithmic 
decn^nlenl  as  obtained  from  a  series  of 
ohsemOMis  b  aecuiale  to  aboot  2  p« 
tc^rttk  IS^  iv«dii^  cocid  W  made  noie 
Sk-curaie  tiua  )h»  if  some  ocber  nediod 
vrf  c«<%x^iui^  w«v  adopceii  bn  a  sens  rf 
vrtidb  ia  itsA  wxtpftrnKire  w?ck  ham? 
$hew!K  Ad^  ecwK  frvnt  'jKfrpr  senrasff  ace 
aaojc^  w?  xreifcS  ^  make  ;ulj  ^xrAes 
^H&xemeais  ji  ihi^  iitti  aixiiwarv.    WiJk 

,-i»s«  Ji  iivitea  iiecal:^  "vntrQ  tat?  r^esuiisf 
i^    ipt    :u     j'jme    jur    ^JUfi^iiemot'^    :3uo 

rht;  :ippanra2!^   i2*«i  Ji  ai^'  iecemma- 
.iuus-    >    Hi"w:i     n     ~ai»     Kivjmoanfnx^ 

:q^    ^}\s^cA<vi:^       Tie  ;-^n*.«i    .a    nv   :5X~ 
M^jitLu*?utfts    cki:^    >juHct:u  ^^  ^^    ^  ^^^.'jiius     The    *?nv.   •:    xnr    <jC!ilaai}m» 
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The  Calculation  of  the  Viscosity  froin  ah  Experimental  Determination  of  the 

Logarithmic  Decrement, 

In  obtEuning  the  logarithniic  decrement,  Briggs'  logarithms  have  been  used 
ihroughout 

Tbe  constants  Ci,  Ca^ahd  Cs  in  equation  (1)  are  best  determined  empirically 
Tom  determinations  on  three  liquids  of  known  viscosity  and  density, 
lowing  Ci,  C2,  and  Cs,  the  viscosity  of  any  other  liquid  can  be  determined 
)j  solving  the  quadratic  equation  ' 

(02  +  C8d)S»  +  Civ^S-(\-Xo);=0,  ; 

rhere  S  =  v/^. 

The  expansion  of  the  disc  at  high  temperatures  is  very  small,  but  a  slight 
prrection  has  to  be  made  on.accoimt  of  the  slightly  larger  surface  in  contact 
dth  the  liquid.  If  r  be  the  radius  of  the  disc,  the  surface  in  contact  with 
be  liquid  is  approximately  equal  to  27rr^. 

The  coefficient  of  expansion  for  the  surface  is  equal  to  tyirice  the  coefficient 
f  linear  expansion  for  the  material  composing  the  disc.  The  coefficient  of 
near  expansion  for  iron  is  0*000&1,  and  for  fireclay  it  is  probably  about 
•000005.  Each  unit  of  surface  will  therefore  increase  by  0*00002  per 
iegree  in  the  one  case  and  0*00001  in  the  other.  The  logarithmic  decrement 
s  proportional  to  the  surface  in  contact  with  the  liquid,  and  a  slight 
K>rrection  must  therefore  be  made  on  this  according  to  the  temperature  of 
experiment. 

Hxperim^ntaL 

There  has  occasionally  existed  in  the  minds  of  previous  workers  with  the 
)scillatiou  method  some  doubt  as  to  whether  this  was  a  real  test  of  the 
ntemal  friction  of  the  liquid.  If  any  slipping  takes  plcu^e  at  the  surface  of 
X)ntact  between  the  solid  and  the  liquid,  the  method  is  really  of  very  little 
ise.  This  point  was  therefore  tested  first  of  all.  The  experiments  show 
^t  slipping  does  not  take  place  to  any  detectable  extent;  this  holds  good 
jven  for  liquids  like  mercury,  which  do  not  "wet*'  the  solid.  We  can 
therefore  assume  that  the  layer  of  liquid  next  the  solid  moves  with  the  same 
relocity  as  the  solid  itself.  If  any  slipping  took  place  the  amount  of  slip 
would  be  different  for  different  liquids  and  for  different  solid  surfaces. 
i  number  of  different  discs  gave  the  following  results : — 
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Any  differences  in  the  results  of  Cases  1,  2,  and  3  may  be  pat  down  to 
experimental  error.  The  somewhat  higher  figures  obtained  in  the  faortfa 
case  are  due  to  the  disc  being  thicker ;  it  will  be  noticed  that  the  propor- 
tionate increase  is  practically  the  same  for  all  the  liquids.  It  is  aaBomed 
from  .these  results  that  there  is  no  slipping  at  the  surface  of  contacb 

The  method  was  next  tested  with  liquids  of  known  vieeosity.  Taking 
three  of  these  as  standards  the  viscosity  of  the  others  was  calonlated,  Hm^ 
results  are  given  in  the  next  table. 

The  values  of  density  and  viscosity  in  the  table  are  takan  from  Laadolt 
and  Bernstein's  tables  with  the  exception  of  some  density  values  obtained 
from  the  researches  of  Patterson.* 

Table  II. — Iron  Disc  26  mm.  diameter.     Period  of  oscillation,  7*6  seconds. 


Substance.           '   Temperature. 

Logarithmic,  J^^-^^^ 
decrement.      "^J^J^^** 

Deniify. 

AfaMluto 
Tiaooutrr 

Air      j               20 

0-0106 
0-0667 
0-0468 
0-1760 
0-0427 
0  0576 

ooooo 

0-OOS 
1-40 
13 -66 
0-879 
0-701 

Water    20 

Chloroform  20 

Mercuiy    20 

Benzene    '            20 

Ethyl  alcohol   20 

ooooo 

Using  water,  chloroform,  and  mercury  to  calculate  the  constants  from, 

have 

Ci  =  0-3148,    Ca  =  1-3232,     C3  =  -0-00753. 

We  may  now  use  these  values  to  calculate  the  viscosity  of  benzene 
alcohol  from  the  observed  logarithmic  decrements.     The  values  obtained 
*  *  Journal  Chem.  Soc.,*  for  the  last  few  years. 
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0*00645  and  0*0121  respectively,  which  compare  well  with  the  values 
given  in  Table  II.  The  same  apparatus  gave  the  following  results  for 
mercury  at  high  temperatures : — 

Table  III. — Mercury  at  High  Temperatures. 


Logarithmic 

Absolute 

decrement 

Absolute 

Tisoositj 

Temperature. 

Logarithmic 
decrement. 

minuB  the 
Talue  for  air 

Denntj. 

▼iscosity 

according  to 

Koch7 

calculated 
from 

and  corrected 

logarithmic 

for  expansion. 

decrement. 

65 

0  1682 

0-1526 

18-48 

0-0186 

0-0188 

95 

0-1588 

0  1481 

18-89 

0-0125 

0-0124 

188 

0-1481 

0-1878 

18-27 

0-0114 

0-0116 

216 

0  1418 

0  1802 

18-08 

0-0100 

0-0106 

*  Ann.  der  Physik./  1881,  toI.  14,  pp.  1—12. 


An  example  of  a  determination  of  viscosity  at  a  somewhat  higher  tempera- 
ture is  given  in  Table  IV.  The  values  of  the  density  and  viscosity  for 
sodium  nitrate  have  already  been  determined  by  the  capillary  method.* 
These  values  are  given  in  the  table  along  with  the  values  of  viscosity  calcu- 
lated from  the  logarithmic  decrements  using  the  same  density  values.  The 
disc  used  was  one  of  fireclay,  27  mm.  in  diameter.  The  constants  Ci,  Ga,  and 
C3,  as  determined  by  oscillations  in  water,  mercury,  and  chloroform,  were 

Ci  =  0-4595,    C3  =  1-238,    Cg  =  -0-2052. 


Table  IV.— Sodium  Nitrate  (Melting  Point  309°  C). 


The  same 

The  same 

Density 

Viscosity 

Viscosity 

Tempera- 

Logarithmic 

mmus 

corrected 

(Gkxxlwin 

(Goodwin 

(from 

ture. 

decrement. 

yalue 

for 

and 

and 

logarithmic 

for  air. 

expansion. 

MaUej). 

Mailey). 

decrement). 

820 

0  1440 

0  1886 

0-1887 

1-91 

0  0282 

0-0291 

868 

0  1266 

0  1160 

0-1146 

1-89 

0-0227 

0  0228 

890 

0-1180 

0-1076 

0-1071 

1-86 

0-0191 

0-0206 

486 

0-1068 

0-0048 

0-0944 

]  -88 

0-0160 

0-0166 

460 

0-1022 

0-0917 

0-0914 

1-82 

0-0162 

0-0166 

The  numbers  in  the  last  two  columns  agree  within  the  experimental  error. 
These  results  show  the  availability  of  this  method  for  the  determination 

♦  Goodwin  and  Mailey,  loc  cit. 
VOL.  LXXX.— A.  Y 
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of  vi$ooaity  up  to  the  highest  temperature  at  which  a  platinum  capillary 
han  been  uaed.  As  the  fireclay  or  graphite  disc  remains  uncorroded  at 
ttuui>oratures  of  1000°  C.  and  over,  the  method  is  quite  well  suited  for  high 
temi)erature  work.  I  am  now  engaged  on  viscosity  measurements  with  a 
number  of  salts  and  metals,  and  hope  before  long  to  report  on  these. 

Any  expenses  connected  with  this  investigation  have  been  defrayed  by 
grants  from  the  Chemical  Society  and  from  the  Carnegie  Trust  for  the 
Universities  of  Scotland. 


Bakeman  Lectube  for  1907. — On  the  Atomic  Weight  of 

Radium. 
By  T.  E.  Thorpe,  C.B.,  LL.D.,  F.K.S. 

(Delivered  June  20,  1907  ;  MS.  received  in  completed  form,  March  5,  1908.) 

Although  there  has  been  a  considerable  amount  of  discussion,  based  upon 
spectroscopic  considerations  and  on  its  supposed  mode  of  genesis,  respecting 
the  place  of  radium  in  the  system  of  the  elements,  and  inferentially,  therefore, 
concerning  its  atomic  weight,  we  are  indebted  for  the  only  direct  experimental 
determinations  of  this  value  hitherto  made  known  to  the  discoverer  of  the 
element,  Mme.  Curie.  Her  first  observations,  published  in  1902,  were  made 
on  about  90  milligrammes  of  the  chloride,  and  furnished  the  value  225  as  the 
mean  of  three  fairly  concordant  experiments.* 

In  the  autumn  of  last  year  Mme.  Curie  communicated  to  the  French 
Academy  the  results  of  a  second  series  of  estimations.  These  were  made  upon 
much  larger  quantities  of  the  carefully  purified  chloride  (about  4  decigrammes) 
and  afiforded  the  value  226*2  as  the  mean  of  three  closely  concordant  deteimi- 
nations  (Ag= 107-8,  Cl=35-4).t 

In  1906,  at  the  instance  of  Sir  William  Huggins,  then  President  of  the 
Society,  and  by  the  aid  of  the  kind  interest  shown  by  H.R.H.  the  Prince  of 
Wales,  the  Austrian  Government  placed  about  500  kilogrammes  of  pitchblende 
residues  from  the  mine  at  Joachimsthal  at  the  disposal  of  the  Royal  Society. 
These  residues  were  sent  to  be  worked  up  by  M.  Armet  de  Lisle  at  his  factory 
at  Nogent-sur-Mame,  by  the  method  employed  by  him  in  the  case  of  the 

♦  *  Ann.  de  Chim.  et  de  Phys.,*  vol.  30,  1903. 

t  *Compte8  Rendufl,'  1907,  vol.  145,  p.  422 ;  *Le  Radium,'  October,  1907. 
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material  which  served  M.  and  Mme.  Curie  for  their  researches.  The  funds 
for  both  these  purposes  were  defrayed  from  a  grant  made  by  the  Goldsmiths' 
Company  to  the  Royal  Society  in  1904  for  the  purpose  of  the  investigation  of 
radium. 

The  residues,  as  received  by  M.  Armet  de  Lisle,  were  stated  to  have  a 
radio-activity  of  about  2|  times  that  of  uranium. 

The  process  of  extraction  employed  by  M.  Armet  de  Lisle  resulted  in  the 
production  of  about  413  grammes  of  practically  anhydrous  barium  chloride, 
containing  radium  chloride  sufficient  to  give  the  salt  a  radio-activity  560  times 
that  of  uranium. 

This  salt  was  received  by  the  Royal  Society  in  the  autumn  of  1906,  and 
was  handed  to  me  in  January,  1907,  with  the  request  that  I  would  extract 
the  radium  chloride  from  it,  and  undertake,  if  possible,  a  redetermination  of 
the  atomic  weight  of  the  element.  This  in  view  of  the  discussion,  already 
referred  to,  which  was  then  taking  place  as  to  the  relation  of  radium  to 
certain  other  elements,  seemed  at  the  time  the  most  profitable  use  to  which 
the  radium  salt,  when  extracted,  could  be  put.  When  received  by  me  the 
barium-radium  chloride  was  distinctly  cream-coloured,  and  the  bottle  in  which 
it  was  contained  was  coloured  violet. 

The  method  of  extraction  was  substantially  the  same  as  that  originally 
adopted  by  Mme.  Curie,  and  described  in  her  thesis,*  namely,  systematic 
fractional  crystallisation,  first  from  water  and  then  from  increasingly  strong 
hydrochloric  acid,  until  finally  the  acid  used  was  the  strongest  that  could  be 
obtained  by  distillation.  All  the  solvents  employed  were  carefully  purified, 
the  acid  being  distilled  in  a  platinum  retort,  and  preserved  in  a  platinum 
bottle.  The  cr}'^stallisations  were  made  first  in  porcelain,  subsequently  in 
Jena  glass,  and  finally,  as  the  radio-active  matter  became  more  and  more 
concentrated,  in  vessels  of  fused  rock-crystal.  Every  precaution  was  taken 
to  guard  against  loss  and  accidents,  and  to  ensure  the  recovery  of  the  radium 
should  such  occur.  It  is  satisfactory  to  be  able  to  state  that  the  whole 
scheme  of  extraction,  involving  some  9400  recrystallisations,  was  carried 
through  without  a  mishap. 

I  have  to  thank  Mme.  Curie  for  her  courtesy  in  affording  me  information 
concerning  certain  details  of  her  method  of  isolating  the  radium  salt.  At 
the  outset  of  our  exchange  of  letters  she  informed  me,  of  what  at  the  time  I 
was  unaware,  that  she  was  then  actually  engaged  on  the  same  problem,  and 
she  has  since,  as  already  stated,  published  the  results  of  her  determinations. 
She  was  good  enough,  however,  to  express  the  hope  that  I  would  continue 
the  work  which  I  had  been  requested  to  undertake,  in  view  of  the  desirability 

♦  Loc.  cit, 

Y  2 
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of  gaining  all  possible  knowledge  as  to  the  true  atomic  weight  of  the 
element. 

During  the  autumn  of  1907,  whilst  still  engaged  in  the  isolation  of  the 
radium  chloride  from  the  material  furnished  by  M.  Armet  de  Lisle,  I  received 
a  further  small  supply  of  radium  from  the  Royal  Society.  It  was  bought  in 
Cambridge  and  was  of  German  origin,  and  had  been  purchased  through  the 
instrumentality  of  Professor  Liveing.  It  purported  to  be  radium  bromide, 
but  on  removing  it  from  the  metallic  capsule  in  which  it  bad  been  stored 
since  1903,  it  was  found  to  be  wholly  insoluble  in  water.  On  treatment  with 
pure  dilute  hydrobromic  acid  it  readily  passed  into  solution.  The  salt 
obtained  by  evaporation  was  sent  to  Professor  Rutherford,  who  had  kindly 
undertaken  to  make  any  measurements  of  radio-jwtivity  which  I  needed. 
He  estimated  the  amount  of  radium  present  as  equivalent  to  33  milligrammes 
of  radium  bromide. 

This  salt  was  eventually  converted  into  chloride,  and  was  purified  by 
repeated  crystallisation  from  strong  hydrochloric  acid. 

Traces  of  lead  cUng  persistently  to  the  radium  chloride  thus  separated  by 
means  of  hydrochloric  acid.  Mme.  Curie  was  so  kind  as  to  draw  my  special 
attention  to  this  fact,  and  accordingly  care  was  taken  to  remove  this  metal. 
When  practically  the  whole  of  the  radio-active  matter  had  been  concentrated 
into  a  few  grammes  of  the  material,  this  was  dissolved  in  water  acidulated  with 
hydrochloric  acid,  and  treated  with  sulphuretted  hydrogen  out  of  contact  with 
air.  A  small  precipitate  of  lead  sulphide  was  formed.  The  liquid  was  further 
treated  with  sulphuretted  hydrogen,  the  lead  sulphide  removed  by  filtration, 
the  filtrate  evaporated  to  dryness,  the  residue  treated  with  strong 
hydrochloric  acid,  and  the  process  of  fractionation  resumed.  That  the 
precipitate  was  lead  sulphide  was  confirmed  by  its  conversion  into  the  yellow 
iodide. 

Determination  of  Atomic   Weight. 

This  was  eflfected  by  ascertaining  the  amount  of  silver  chloride  yielded  by 
a  weighed  quantity  of  the  anhydrous  radium  chloride — the  principle  of  the 
method  already  employed  by  Mme.  Curie. 

Since  it  was  very  improbable  that  the  amount  of  the  radium  salt  at  my 
disposal  would  amount  to  as  much  as  a  decigramme,  it  was  absolutely  necessary 
so  to  arrange  the  process  of  carrying  out  the  estimations  as  to  minimise,  to 
the  greatest  possible  extent,  the  errors  due  to  manipulation.  Accordingly  a 
method  was  devised  whereby  the  whole  of  the  operations  of  drying  and 
weighing  the  radium  chloride,  precipitating,  washing,  drying  and  weighing 
the  silver  chloride,  might  be  performed  in  one  and  the  same  vessel,  thus 
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bviating  the  necessity  of  transferring  the  silver  salt,  and  of  separating  it  by 
Qj  of  the  ordinary  processes  of  filtration. 

The  vessel  in  which  these  operations  were  made  consisted  of  a  thin  glass 
iibe  with  a  conical  base  furnished  with  a  hollow  well-ground  stopper.  It 
ad  a  capacity  of  about  15  cc,  and  was  as  light  as  was  consistent  with  the 
squisite  strength,  and  could  be  suspended  from  the  balance-arm  by  fine 
latinum  wire.  In  all  the  weighings  a  precisely  similar  bottle  of  almost 
lentical  weight  and  capacity,  suspended  in  like  manner,  was  employed  as  a 
ire.  The  weighings  were  made  on  a  very  sensitive  assay  balance,  with 
-inch  arms,  carrying  a  maximum  load  of  12  grammes  and  provided  with 
ight  stirrup  pans.  I  am  indebted  to  Mr.  Oertling  for  the  loan  of  it.  It 
ras  a  beautifully  finished  instrument  of  great  delicacy,  and  remarkably 
onstant  in  its  indications  (fig.  1). 


Fio.  1. 


S0«  Ih.T^^TboiBp0.       ^^ 

The  ireigfats  were  also  of  Oerti[big*8  maksi  and  were  eosq^eaced  htitmm^mm 
with  a  stfmdani  set  belonging  to  the  Qovernnient  Laboratory^ 

A  room  was  apedaily  set  apart  and  arranged  for  Hbe  d^ierauMlivi  wMriL 
It  was  a  small  apartment  on  one  of  the  njq^r  toom  of  tibe  Oo^emUnMOt 
Laboratory  and  had  a  woocton  blook  floor  arranged  ''  herring'-bone^  fMlikli* 
The  walls  at  the  bafl<Ung  were  subjeet  to  a  very  rii^t  tvenM»r,  due  to  »  maH 
steam  engme  in  tiie  ba^envMit.  The  balance  taUe,  theretoe,  was  nefe  ballad 
to  ttbe  walls,  as  is  the  nsual  prae^»i  bnt  was  placed  directly  on  the  floor,  whidi, 
by  reason  of  its  mode  of  eonsttnetion,  was  less  saseeptible  to  tremor  tJian 
Hie  walls.  The  1^  of  the  table  stood  on  packets  (A  filter  paper,  as  did 
also  the  levelling  screws  of  the  balance  case.  UiMler  these  conditions  tkis 
balance  was  fonnd  to  be  quito  free  frcmi  tremor  and  the  levels  remained 
abedutoly  constant  throughout  the  entire  comrse  of  the  wcnrk. 

The  weighings  were  made  by  the  method  of  vibrations,  the  zero-point  being 
determined  before  and  after  each  determination. 

The  course  of  the  operations  was  as  follows  »-<-*The  small  glass  vessel  and  its 
tare  were  first  heated  to  about  150^  in  an  air  badi  lor  an  hour  and  allowed  to 
stand  overnight  in  a  desiccator  containing  phosphorio  oxidei.  They  were 
then  weighed  one  against  the  other  in  the  manner  described.  Hie  chloride, 
previously  dried  at  140^  to  150^,  was  next  transferred  by  means  of  a  platinum 
spatula  from  the  rock-crystal  basin  in  which  it  was  contained,  to  the  glass 
vessel,  and  this  and  its  tare  were  again  heated  to  150°  for  about  an  hour  in 
the  air  bath,  and,  after  standing  overnight  in  the  desiccator  containing 
phosphoric  oxide,  were  again  weighed.  The  chloride  was  then  dissolved  in 
2  c.c.  of  distilled  water,  the  solution  acidulated  with  two  drops  of  dQute  nitric 
acid  (1:4),  Warmed  and  mixed  with  a  slight  excess  of  silver  nitrate  solution 
of  known  strength  added  drop  by  drop,  with  constant  shaking,  from  a  narrow 
burette  capable  of  being  read  to  1/50  c.c.  When  clear,  the  liquid  wa^  again 
tested  with  the  silver  nitrate  solution  in  order  to  ascertain  that  the  precipita- 
tion was  complete,  and  after  standing  for  about  18  hours  in  a  warm  place 
when  the  silver  chloride  had  wholly  subsided  into  the  bottom  of  the  conical 
portion  of  the  vessel,  the  clear  supernatant  solution  was  drawn  off  by  means 
of  a  capillary  glass  tube. 

This  was  conveniently  effected  in  tlie  manner  illustrated  by  fig.  2.  The 
vessel  (a)  containing  the  silver  chloride  was  placed  on  the  small  elevating 
table  (ft),  the  height  of  which  could  be  adjusted  by  means  of  the  rack  and 
pinion  arrangement  seen  at  (c),  so  that  the  end  of  the  drawn  out  capillary 
syphon  (d),  made  of  thermometer  tubing,  could  be  brought  to  within  a  milli- 
metre or  two  of  the  deposit  of  silver  chloride.  By  gentle  aspiration  at  (e)  the 
action  of  the  syphon  was  started,  and  by  far  the  greater  quantity  of  the  clear 
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liquid  could  be  drawn  over  into  the  flask  (/)  without  the  slightest  risk  of 
disturbing  the  precipitate. 

The  table  was  then  lowered,  and  the  end  of  the  syphon  as  well  as  the 
internal  sides  of  the  vessel  washed  by  a  fine  stream  of  hot  distilled  water. 
After  clarification,  the  wash-water,  which  was  about  4  or  5  c.c  in  bulk,  was 
drawn  over  as  before,  and  the  process  repeated.  After  each  addition  of  hot 
water  the  vessel  containing  the  silver  chloride  was  well  shaken,  and  the 


Fio.  2. 

precipitate  broken  up  by  means  of  a  fine  platinum  wire,  so  as  to  bring  the 
washing  water  in  thorough  contact  with  it.  As  is  well  known,  silver  chloride 
which  has  become  granular  by  standing  shows  little  or  no  tendency  to  occlude 
soluble  matter  and  is  readily  washed.  Both  the  end  of  the  syphon  and  the 
platinum  wire  were  always  washed  by  a  stream  of  hot  water  and  were  care- 
fully examined  by  a  lens,  but  in  no  case  was  any  silver  chloride  found  to  have 
become  attached.     The  liquid  drawn  over  was  invariably  perfectly  clear. 

Assuming  that  we  have  100  milligrammes  of  soluble  matter  in  the  4  c.c.  of 
the  clear  supernatant  liquid  and  that  we  draw  over  3*5  ac.  at  each  successive 


304  Dr.  T.  E.  Thorpe.  [Mar.  5, 

<]|MnDiia  «s  above  described,  it  is  readily  calculable  that  the  amount  of 
oittCMr  isi  j»lation,  even  after  the  third  operation,  is  probably  too  small  to  be 
jppracbifieii  by  the  balance. 

T6tf  following  table  shows  how  rapidly  the  soluble  matter  is  removed  by 


jKsttiBttSie 


washing  in  the  manner  described. 


^o 


Milligrammes. 

Original  solution  contains  100 

After  first  decantation,  residual  liquid  12'5 

„     first  washing  „  „       1*56 

„     second  „  „  „      019 

„     third      „  „  „       0-02 

„     fourth    „  „  „       0003 

,.     fifth      „  „  „       00004 

As  the  precipitated  silver  haloid  was  always  thus  washed  six  times  in  succes- 
it^m.  it  uiAy  be  assumed  that  it  was  prcu)tically  freed  from  all  soluble  matter. 

l>at»  was  of  course  taken  to  protect  the  silver  chloride  from  the  action  of 
Ivhts  and  to  the  extent  that  was  practicable  all  the  operations  were  carried 
v«ii  in  a  photographic  dark  room  which  adjoined  the  small  laboratory  set  aside 
ite  the  work.  No  matter  what  precautions  were  taken  to  exclude  ordinary 
white  light,  the  silver  chloride  invariably  became  violet  in  contact  with 
i^tiuin  solutions. 

The  washed  silver  chloride  was  first  dried  at  100°  and  then  heated  in  the  air 
Ivilh  to  160°  for  about  a  couple  of  hours,  and,  after  standing  in  the  desiccator 
o\t»r  phosphoric  oxide  for  about  18  hours,  weighed  in  the  manner  described. 

In  order  to  test  the  practicability  of  the  method  and  to  acquire  experience 
of  its  working,  as  well  as  to  gain  some  idea  of  its  accuracy  before  actually 
making  use  of  it  in  the  case  of  the  radium  salt,  a  series  of  determinations  of 
atomic  weight  was  made  with  barium  chloride,  purified  by  systematic 
recrystallisation  from  water,  according  to  the  method  already  indicated,  the 
same  apparatus,  reagents,  and  solutions  being  employed  as  were  to  be  used 
subsequently  in  the  radium  determinations. 
The  results  were  as  follows : — 

Ag  =  107-93.     CI  =  35-45. 

Barium  chloride.  Silver  chloride. 

milligrammes.  milligrammes.  Atomic  weight,  Ba. 

114-7                        157-8  137-5 

172-1                        236-8  137-5 

57-1                          78-8  136-9 

62-6                          86-1  137-6 

68-1                         93-7  137-5 
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As  the  corrections  for  displaced  air  for  the  silver  chloride  and  for  the 
barium  chloride  only  amount  to  0*00007  and  0*0002  per  gramme  respectively, 
they  are  of  course  whoUy  negligible  in  the  case  of  quantities  so  small  as 
were  actually  employed.  The  value  for  barium  adopted  by  the  International 
Committee  on  Atomic  Weights,  1907—08,  is  137-4. 

These  determinations  were  made  on  independent  amounts  of  material.  As 
the  quantity  of  radium  salt  I  could  hope  to  obtain  would  almost  certainly  not 
sufifice  to  enable  me  to  make  similar  independent  determinations,  it  was 
desirable  to  prove  that  the  element,  which  would  exist  in  the  solution  in 
association  with  nitric  acid  after  the  precipitation  of  the  chlorine  as  silver 
chloride,  could  be  recovered  and  reconverted  into  chloride ;  and  that  the 
operations  necessary  to  eflfect  this  would  not  influence  the  value  of  the 
atomic  weight  in  a  subsequent  determination. 

The  first  step  was  to  remove  the  excess  of  silver  in  solution.  This  might 
be  efiTected  by  means  of  hydrochloric  acid.  A  difficulty  at  once  presented 
itself.  Silver  chloride  is  not  wholly  insoluble  in  solutions  of  hydrocliloric 
aciii  and  of  the  chlorides  of  the  alkaline  earths,  and  presumably,  therefore, 
in  solutions  of  radium  chloride.  It  was  consequently  necessary  so  to 
apportion  the  hydrochloric  acid  as  to  effect  the  precipitation  of  the  silver 
without  leaving  any  considerable  excess  of  hydrochloric  acid  in  solution. 
As  the  amount  of  the  silver  originally  used,  as  well  as  that  in  the  weighed 
silver  chloride,  were  known,  it  was  easy  to  calculate  the  amount  remaining 
in  solution  and  so  determine  the  quantity  of  hydrochloric  acid  required  to 
precipitate  it.  This  amount  of  hydrochloric  acid,  contained  in  a  dilute 
solution  of  known  strength,  was  then  cautiously  added,  drop  by  drop,  with 
constant  shaking,  and  when  the  liquid  was  sufficiently  clear  it  was  tested,  to 
ascertain  that  the  precipitation  was  complete,  by  the  addition  of  a  single 
drop  of  the  hydrochloric  acid  solution. 

After  standing  until  perfectly  clear,  the  supernatant  liquid  was  drawn  off 
by  the  capillary  syphon,  the  silver  chloride  thoroughly  washed  in  the 
manner  already  described,  and  the  solution  transferred  to  a  silica  basin  and 
evaporated  to  dryness  over  a  water-bath  heated  with  an  alcohol  lamp  to 
avoid  any  possible  action  of  the  oxides  of  sulphur  produced  by  the  combustion 
of  London  coal-gas. 

The  dried  residue  was  then  repeatedly  evaporated  with  small  quantities  of 
pure  hydrochloric  acid  and  so  reconverted  into  the  chloride. 

Two  determinations  of  the  atomic  weight  of  barium,  made  in  the  manner 
described  on  barium  chloride  thus  recovered,  gave  the  following  results : — 
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Barium  dtloride. 

milligmnmos. 

139-5 

Silver  chloride. 

miUignunmes. 

191-4 

Atomic  weight,  Ba. 
138-1 

78-8 

108-3 

137-7 

In  the  hope  that  I  might  be  able  to  employ  the  bromide  of  radium  in  the 
determination  of  the  atomic  weight  of  this  element,  I  also  made  a  similar 
preliminary  series  of  determinations  of  the  atomic  weight  of  barium  by 
means  of  barium  bromide  prepared  from  the  pure  chloride,  and  repeatedly 
r^^rystallised  from  alcohol. 

The  results  were  as  follows  : — 

Ag  =  107-93.    Br  =  7996. 


Barium  bromide. 

Silver  bromide. 

milligrammes. 

milligrammes. 

Atomic  weight,  Ba. 

«9-9 

113-6 

137-5 

96-0 

121-4 

137-3 

111-0 

140-3 

137-4 

Two  determinations  were  made  on  the  recovered  barium  bromide,  with  the 
following  results : — 


Barium  bromide. 

Silver  bromide. 

milligrammes. 

milligrammes. 

Atomic  weight,  Ba. 

91-0 

114-9 

137-7 

80-8 

1021 

137-5 

It  will  be  seen  from  these  numbers  that  a  very  close  approximation  to  the 
true  atomic  weight  of  barium  can  be  obtained  by  the  method  described,  the 
maximum  error  being  about  half  a  unit,  or  less  than  0*5  per  cent. 
Considering  that  the  atomic  weight  of  radium  is  probably  nearly  double  that 
of  barium,  the  same  fortuitous  errors  would  afifect  its  value  to  about  a  unit. 

There  is,  however,  one  circumstance  which,  whilst  not  without  influence 
in  raising  the  value  of  barium,  w^hen  determined  on  the  recovered  chloride, 
hardly  afifects  the  value  of  radium.  In  the  case  of  radium,  the  efifect  of 
any  minute  quantity  of  retained  silver  haloid  in  the  recovered  salt,  provided 
it  is  weighed  with  the  precipitated  silver  chloride,  is  practically  negligible, 
since  radium  chloride  gives  approximately  its  own  weight  of  silver  chloride. 

As  the  work  of  isolating  and  purifying  the  radium  chloride  proceeded, 
determinations  of  the  amount  of  chlorine  were  made  as  described  from 
time  to  time,  and  as  soon  as  approximately  constant  values  were  obtained 
it  was  assumed  that  any  barium  or  other  impurity  present  was  too  small 
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in  amount  to  afifect  the  results  when  regard  was  had  to  the  unavoidable 
experimental  errors.  The  resulting  tshloride  was  then  repeatedly  and 
carefully  recrystallised  from  pure,  strong,  hydrochloric  acid,  the  "tails," 
which  were  comparatively  rich  in  radium,  being  specially  set  apart 

The  purified  salt  finally  extracted  from  the  material  supplied  by  M.  Armet 
de  Lisle  weighed,  when  anhydrous,  64  milligrammes. 

I  regard  this  salt  as  substantially  radium  chloride.  I  am  not,  however,  in 
a  position  to  say  that  it  was  absolutely  free  from  barium.  At  the  same 
time,  I  have  reason  to  believe  that  the  amount  still  present  was  probably 
too  small  to  materially  influence  the  result,  considering  the  limited  quantity 
of  the  salt  I  had  to  work  with,  and  the  consequent  relatively  large 
experimental  errors. 

With  the  aid  of  Sir  William  Huggins,  who  kindly  made  the  spectroscopic 
trials  for  me,  I  was  able  to  carry  out  Mme.  Curie's  test  of  comparing  the 
relative  intensity  of  the  lines  of  barium  and  radium  in  the  spark  spectrum 
of  the  separated  radium  chloride.  Mme.  Curie  compared  the  relative 
strengths  of  lines  4554*2  of  Ba  and  4533-3  of  Rd.  Although  these  have  the 
advantage  of  being  close  together,  they  are  of  dissimilar  intensity. 
Sir  William  Huggins  advised  that  a  more  stringent  test  would  be  to  take 
the  line  55362  of  Ba  of  intensity  10,  and  compare  it  with  the  Ed  lines 
5813*8  and  5560*8,  which  are  also  of  intensity  10.  On  actually  making  the 
trials,  which  were  repeated  several  times,  the  green  Ba  line  5536*2,  although 
visible,  was  seen  to  be  relatively  very  feeble — less  intense,  indeed,  than  that 
afforded  by  the  most  dilute  solution  of  barium  chloride  that  we  were  able  to 
employ. 

With  this  material,  therefore,  I  attempted  to  make  the  determination  of 
atomic  weight.  Accordingly,  the  greater  portion  was  transferred  to  the 
vessel  already  described,  and  the  amount  of  chlorine  in  the  anhydrous  salt 
determined  with  all  possible  care.     The  result  was  : — 

Hadium  chloride.  Silver  chloride, 

milligrammes.  milligrammes.  Atomic  weight,  Rd. 

62-7  60*4  226*8 

The  radium  was  recovered  from  the  solution,  reconverted  into  chloride, 
added  to  what  remained  of  the  original  quantity,  and  the  amount  of  chlorine 
again  determined  in  the  anhydrous  salt.     The  second  result  was : — 

Badium  chloride.  Silver  chloride, 

milligrammes.  milligrammes.  Atomic  weighty  Hd. 

63*9  61-8  225-7 

The  purified  chloride  obtained  from  the  Cambridge  material  amounted  to 
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24  milligi^amxues.  A  ohlorine  determination  on  a  portion  gave  a  number 
exceeding  230  for  the  atomic  weight.  No  more  importance  can  be  attached 
to  this  value,  considering  the  very  small  amount  employed,  than  as  showing 
that  the  salt  was  of  the  same  order  of  purity  as  that  obtained  from  the 
French  material. 

It  was  accordingly  added  to  the  main  bulk^  and  the  whole  was  repeatedly 
crystallised  from  strong  hydrochloric  acid,  about  6  milligrammes  being  thus 
removed  in  the  mother  liquors.  The  resulting  chloride,  after  being  dried  at 
150°,  was  again  analysed,  with  the  foUowing  results : — 

Eadium  chloride.  Silver  chloride, 

milligrammes.  milligrammes.  Atomic  weight,  Rd. 

78-4  75-3  227-7 

The  mean  value  is  226*7,  or,  to  the  nearest  unit,  227.  This,  it  will  be 
observed,  is  in  very  close  accord  with  Mme.  Curie's  latest  number. 

I  think,  therefore,  it  is  reasonably  well  established  that  the  atomic  weight 
of  radium  is  now  known  to  within  a  unit  which,  considering  the  relatively 
high  number,  is,  under  the  present  circumstances,  as  fair  a  degree  of  excujti- 
tude  as  could  be  anticipated. 

There  are,  however,  one  or  two  facts  connected  with  the  behaviour  of 
radium  chloride  which,  as  they  may  possibly  affect  the  determination  of  its 
atomic  weight,  may  here  be  mentioned.  If  a  quantity  of  the  salt  be  kept 
in  perfectly  dry  air,  it  will  be  noticed  that  it  very  slowly  incresrses  in  weight. 
The  increase  is  very  small,  but  it  is  plainly  perceptible  on  a  sufficiently 
delicate  balance,  and  in  the  course  of  three  or  four  days  may  amoimt 
to  0*3  per  cent.  On  opening  the  vessel  a  marked  smell  of  ozone  is 
perceived,  and  on  aspirating  the  air  from  above  the  chloride  by  means  of  a 
capillary  tube  passing  into  a  freshly-prepared  solution  of  potassium  iodide 
and  starch,  iodine  is  found  to  be  liberated,  as  seen  from  its  action  on  the 
starch.  Moreover,  on  dissolving  radium  chloride  which  has  stood  for  some 
time  in  contact  with  the  air  in  warm  water,  and  acidulating  the  solution  with 
dilute  nitric  acid,  a  smell  recalling  that  of  hypochlorous  acid  is  perceived. 
The  observed  increase  in  weight  may  be  due,  therefore,  to  a  portion  of  the 
air  in  the  vessel  becoming  ozonised,  or  to  a  slight  oxidation  of  the  chloride, 
or  to  both  these  causes  combined.  Their  joint  effect  would  tend  to  increase 
the  atomic  weight  of  radium.  . 

Another  remarkable  circumstance  connected  with  radium  chloride  is  its 
action  on  colourless  rock-crystal,  which  is  gradually  turned  a  deep  purplish 
black.  Berthelot  has  already  drawn  attention  to  the  action  of  radium  on 
quartz.  The  silica  vessels  which  I  employed  in  connection  with  the  fore- 
going work  were  thus  strongly  coloured   in  the  course  of  a   few   months. 
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Moreover,  these  vessels,  as  well  as  those  of  porcelain  and  glass,  are  slightly 
attacked  by  rawlium  chloride,  with  the  formation,  apparently,  of  insoluble 
silicates.  A  similar  observation  has  been  made  by  Mme.  Curie.  It 
occasionally  happened  that  a  sample  of  radium  chloride,  after  standing 
for  some  considerable  time  in  contact  with  glass,  gave  a  faintly  turbid 
solution,  although  when  the  salt  was  newly  crystallised  from  hydrochloric 
acid  its  aqueous  solution  was  perfectly  clear. 

I  had  hoped,  as  stated,  to  have  obtained  an  additional  series  of  values  for 
the  atomic  weight  of  radium  by  the  analysis  of  the  bromide.  As  already 
mentioned,  I  reconverted  the  Cambridge  material  into  this  salt;  but  my 
experience  with  it  leads  me  to  infer  that  it  is  not  sufficiently  stable  to  aflford 
trustworthy  values  for  the  atomic  weight  of  the  element.  It  appears  to 
lose  bromine  and  eventually  becomes  insoluble  in  water.  I  hope  to  be  able 
to  study  this  change  more  minutely,  as  well  as  to  throw  some  additional  light 
on  the  action  of  radium  salts  on  glass. 

In  conclusion,  I  desire  to  acknowledge  my  indebtedness  to  my  assistant, 
Mr.  Arthur  G.  Francis,  B.Sc,  for  the  assiduity,  conscientiousness,  and  skill 
with  which  he  has  carried  through  what  has  proved  to  be  the  most  irksome 
and  tedious  part  of  the  work,  namely,  the  isolation  and  purification  of  the 
radium  chloride. 

I  am  also  indebted  to  Professor  Rutherford  for  the  measurements  of  radio- 
activity which  he  made  for  me  in  the  course  of  the  fractionation  of  my 
material. 
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Part     I.— The  Mathematical  Belationahips  of  Pydic  Quantities    811. 

„      IL^The  Action  of  a  Cyclic  Magnetic  Field  on  a  Movable  Goil 

conveying  a  Current  of  the  same  Frequency    SI6 

„    IIL-  The  Theory  of  Shunt  Magnet  Instruments 3^ 

„    lY.— Experimental  Verification  827 

The  lack  of  precision  of  measuremeuts  with  alternate  cnrrents,  as 
compared  with  those  using  direct  currents,  is  mainly  due  to  the  relative 
sensitiveness  of  the  instruments  available  for  such  tests.  The  Cstot  that  die 
turning  moment  acting  on  the  moving  system  depends  in  one  caae  on 
the  square  of  the  current  and  in  the  other  on  the  first  power  of  the  coirent, 
readily  explains  the  high  ratio  between  the  currents  needed  to  cause 
the  minimum  measurable  deflection  in  the  two  cases,  but  this  ratio  is» 
nevertheless,  most  striking  when  a  numerical  comparison  is  actually  made  on 
some  fair  basis.  The  only  likely  way  at  present  of  improving  alternate 
current  instruments  is  to  use  iron  cored  electromagnets  to  increase  the 
strength  of  the  magnetic  field.  I  have  found  that  the  difficultiea  due  to 
varying  permeability  and  hysteresis  of  the  iron  can  be  avoided  by  excitLq[ 
the  electromagnet  in  shunt.  It  proves  possible,  with  careful  design,  to 
construct  an  electromagnet  whose  flux  is  connected  with  the  exciting  voltage 
by  a  strict  mathematical  law  involving  no  variable  physical  propertieB  like 
permeability,  et<5.  Such  an  electromagnet  is  eminently  suited  for  measuring 
purposes.  The  theoretical  and  experimental  study  of  instruments  constructed 
on  this  principle  has  brought  out  certain  novel  points  which  are  set  forth  in 
the  present  paper. 

The  first  part  discusses  the  mathematical  relations  of  cyclic  quantities 
having  a  common  fundamental  period,  and  constitutes  a  development  of 
a  method  already  published.*  This  method  is  the  only  one  known  to  me 
which  is  independent  of  assumptions  in  regard  to  the  wave  form  of  the 
quantities  dealt  with.  The  usual  methods,  which  are  based  on  the  erroneous 
assumptions  of  sine  law  wave  form,  are  not  any  simpler  in  working,  and  are 
most  unsatisfactory  when  the  accuracy  of  new  results  has  to  be  critically 
examined.  All  alternate  current  measurements  refer  to  mean  squares  or  to 
mean  products,  and  the  natural  method  of  obtaining  the  connections  between 
♦  *  Roy.  See.  Proc,'  vol.  61,  1897. 
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such  squares  and  products  is  to  study  the  properties  of  quadratic  functions  of 
the  variables.  The  earliest  instance  of  this  in  alternate  current  theory  was 
in  connection  with  the  "  three  voltmeter  method."*  Such  processes  lead  to 
a  very  simple  form  of  calculus  appropriate  to  cyclic  quantities. 

The  theory  of  the  action  of  an  alternating  magnetic  field  on  a  movable 
coil  conveying  a  current  of  the  same  frequency  is  discussed  in  the  second 
part  of  the  paper;  and  the  application  of  such  theory  to  shunt  magnet 
instruments  is  given  in  the  third  part.  The  final  portion  deals  with 
experimental  verification. 

Part  I. — The  Mathematical  Relationships  of  Cyclic  Quantities. 

We  shall  use  heavy  letters  such  as  A,  B,  C,  to  denote  single  valued 
cyclic  functions  of  the  variable  t,  and  the  corresponding  letters  in  lighter 
type,  A,  B,  C,  to  denote  the  square  root  of  mean  square  values  of  A,  B,  C, 
respectively.  A  we  define  as  the  inagnitvde  of  A,  and  will  be  a  constant  as 
regards  t.  The  mean  value  of  the  product  of  two  quantities  such  as  A,  B, 
will  be  represented  by  AB,  so  that  A*  =  A  •  A  =  A^. 

Any  cyclic  quantity  A  must  either  have  its  mean  value  zero,  when  it  may 
be  described  as  alternating,  or  it  must  consist  of  the  sum  of  two  parts,  one 
of  which  is  steady  and  the  other  alternating.  With  few  exceptions  the 
quantities  occurring  in  actual  alternate  current  problems  are  alternating  in 
the  above  sense.  The  differential  coeflScient  of  any  cyclic  quantity  is 
necessarily  alternating.  The  int^ral  of  a  cyclic  quantity  is  not  met  with 
unless  its  mean  or  steady  value  is  zero,  and  as  this  integi^al  will  in  most 
actual  cases  also  have  zero  mean  value  it  will  be  as  definite  a  quantity  aa 
that  of  a  dififerential  coefficient.  The  product  of  two  cyclic  quantities  such 
as  a  voltage  V  and  a  current  A  consists  in  general  of  two  portions,  one  of 
which  is  steady  and  the  other  alternating.  These  parts  correspond  precisely 
with  the  scalar  and  vector  products  of  two  vectors. 

Whatever  cyclic  quantities  A  and  B  may  be  if  we  consider  the  mean 
values  of  the  two  identical  expressions 

^AB 

we  see  that  these  mean  values  can  only  be  zero  when  A  is  proportional  to  B 
for  each  instant  of  the  cycle,  and  also  that  we  can  always  find  a  real  angle 
0  such  that 

(1)  jSS  =  ABcos<^. 

The  value  of  <^  determined  from  this  equation  may  be  defined  as  the  phase 
*  *Roy.  Soc  Proc./  voL  49,  March,  1891. 


/A^By^A^    B»_. 
U     B/  "  Aa"^Ba     ' 
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d^firmy»  of  the  quaiititieB  A  and  B.  Tliei^  quantiti^H  will  be  said  to  be  t7J 
plum  when  ^  is  aero,  and  tMs  can  only  happen  whcm  the  ratio  of  A  to  B  is 
independent  of  tiie  time  t.  They  will  be  aaid  to  lie  .f»  fmdMfm^  'wbm 
cos  ^  is  zero,  that  is,  when  the  mean  product  of  A  and  B  is  amx 

For  any  two  quantities  A  and  N  it  is  always  possiUe  to  coniidiHr  elliher 
of  tinem,  say  N,  as  the  sum  of  two  quantities  tb»  first  of  wbkik  is  ift  {tees 
with  A  and  the  second  in  quadrature  with  it^  for  we  can  so  deftueil  t^ 

(2)  NsLA+n, 

where  1  is  a  quantity,  independent  of  time,  which  we  can  so  dftocae  Ifeatil 
and  A  are  in  quadrature.  It  readily  follows  that  the  nugnitn^  of  tte 
three  quantities  in  (2)  can  be  denoted  by  the  lengths  of  the  three  aSdes  of  a 
ri^t-angled  triangle,  and  that  the  angle  betireen  any  two  sfitos  of  tUs 
toiangle  is  the  phase  difTerence  of  die  corresponding  quantatJeSi  1!to  aiode  el 
proof  merely  involves  the  process  of  multiplying  tto  equataon  by  mbkji  <qfdlft 
quantity  and  taking  means.  By  successive  application  of  fUui  ptooess^it  il 
pcssiUe  to  establish  the  following  theorem : — 

JBoAaneof  a  ntmler  of  hMfum  eydu  qumUH$$^hm^ 
he  in  wawfarm,  can  he  expreeaed  ae  a  linear  fimeHan  of  on  egml 
other  eydic  quantOies,  these  latter  heing  aueh  that  the  memt  efpuure  iff 
unity  and  the  mean  product  of  any  two  ie  zero. 

Thus,  if  there  are  n  cyclic  quantities  Ai,  Aaj-.A^,  we  can  always  find  -^ 
other  cyclic  quanties,  Xi,  Xa,...Xn,  each  of  which  is  of  unit  magnitude, 
two  of  which   are  in   quadrature,  and  which   are   such   as   to   satisfy 
identities 

(3)  Ai  =  AiXi 
Aa  =  Aa  [Xi  cos  aai  +  Xa  cos  aas] 


A«  =  An[XiCOSaHi  +  XaC08an2+...+X»COSaw,], 
where  A,„  is  the  magnitude  of  A«,  and  where 

(4)  1  =  COS^  a^nl  +  COS^  «ma  +  . . .  +  COS*  Omm 

for  every  value  of  m  from  1  to  n. 

The  quantities  a  are  perfectly  determined  by  the  magnitudes  and  phase 
differences  of  the  quantities  A.     Indeed,  a^  is  the  phase  difference  between 
Ar  and  x<,  so  that  if  the  system  of  equations  (3)  has  been  established  as  far 
as,  say,  As,  the  quantities  Xi,  Xa>  Xa  are   known;   the  phase  differences 
between   these  and  Aa  can   be-  calculated,  determining  ««,   049,  043;    the 
equation  for  A4,  constituting  the  definition  of  X4,  can  then  be  used  to  show 
that  X4  is  in  quadrature  with  each  of  the  quantities  Xi,  Xa,  Xa ;  equation  (4) 
for  m  =  4  determines  etu ;  and  so  on. 
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If  three  quantities,  Ai,  Aa,  Aa,  of  diflPerent  wave  foim,  together  with 
linear  functions  of  these  quantities,  comprise  all  the  cyclic  functions  which 
have  to  be  considered,  it  is  possible,  as  previously  shown,*  to  represent  the 
magnitudes  and  phase  relationships  of  all  such  quantities  by  a  vector  figure 
drawn  in  three  dimensions.  This  is  not  possible  when  four  independent 
wave  forms  are  involved,  but  in  all  cases  it  is  possible  to  establish  the  system 
of  equations  (3)  and  (4). 

Important  alternate  current  problems  involve  so  many  quantities,  and  the 
relationship  between  these  is  so  complicated  by  the  effects  of  varying 
permeability,  hysteresis,  irregular  wave  forms,  etc.,  that  mathematically 
accurate  representation  is  impossible  with  a  simpler  system  of  equations 
than  is  indicated  in  (3).  In  practice,  however,  great  simplification  results 
from  two  considerations.  In  the  first  place,  although  the  quantities  involved 
may  be  very  numerous,  it  is  only  necessary,  as  a  rule,  to  consider  the  mutual 
relations  of  two  or  three  of  them  at  any  one  time,  and  it  is  in  general 
possible  to  construct  the  vector  figure  actually  needed  for  this  purpose.  In 
the  second  place,  the  figure  can  in  all  cases  be  reduced  to  a  two-dimensioned 
figure  by  projection,  as  illustrated  by  tigs.  1,  2,  and  3  below.  Each  quantity 
involved  can  be  reduced  to  one  of  the  forms 

R  =  R  [x  cos  0+y  sin  0] , 

S  =  S[xcosa-fycos/3+Zcos7], 

where  x  and  y  are  cyclic  quantities  in  quadrature,  the  same  for  all  the 
quantities  R,  S,  and  where  each  quantity  z  is  in  quadrature  both  with  x 
and  y.    The  projection  of  8,  denoted  by  Si,  is 

Si  =  S[xcosa+yco8/3]. 

It  is  possible  to  represent  all  the  quantities  R,  Si,  by  vectors  in  a  plane, 
and  it  is  always  true  that 

(5)  RS=1ES^. 

The  plane  figure  so  constructed  will  in  most  cases  meet  all  requirementa 
It  is  frequently  necessary  to  consider  quantities  like  N  and  IST,  such  that 
one  is  the  differential  coefficient  of  the  other.  Newton's  notation  may  be 
conveniently  used,  not  only  for  the  instantaneous  values  N,  IST,  but  also  for 
the  corresponding  magnitudes  N,  N,  since  the  latter  are  constants  as  regards 
time,  so  that  no  ambiguity  can  arise. 

If  A  and  B  are  any  two  cyclic  quantities,  it  will  be  readily  seen  that 

(6)  AB  =  -BA,         AA  =  0. 

♦  *  Roy.  Soc.  Proc./  voL  61,  p.  466. 
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It  follows  twin  (2),  that  for  any  two  quantities  N  and  A  we  can  so  choose 
L  that  a  right-angled  vector  triangle  is  denoted  by  the  equation 

(i)    N  =  LA+n. 
From  this  we  have 

(ii)    N  =  LA-fn 

^nd  (iii)  T^i  =  LAi  +  Ai. 

The  triangle  represented  by  (iii)  is  the  projection  of  that  denoted  by  (ii) 
«tt  the  plane  determined  by  (i)  or  by  N,  A,  and  n.  By  making  use  of  (5), 
it  c*n  be  seen  that  the  plane  vectors  involved  in  the  above  equations  are 


LA 


Fio.  1. 


represented,  as  in  tig.  1,  by  two  similar  right-angled  triangles  with  corre- 
Hponding  sides  perpendicular. 

It  follows  that — 

(7)  If  N  and  A  are  any  two  cyclic  quantities  represented  by  vectors  in  a 
plane,  the  vector  projections  of  iS"  and  A  on  the  same  plane  will  be  obtained 
by  turning  each  of  the  vectors  N  and  A  through  a  right  angle  in  tlie  same 
sense,  and  by  increasing  their  magnitudes  in  the  same  proportion. 

We  might  similarly  represent  iS",  A,  and  n  by  vectors  in  a  plane,  and 
project  on  to  this  plane  vectors  denoting  N,  A,  and  n,  and  also  those  denoting 
Ur,  A,  and  ii.  Eepresenting  the  projected  vectors  by  the  suffix  unity,  we 
have  fig.  2,  consisting  of  three  similar  right-angled  triangles.  JSTi  will  be 
represented  by  a  vector  in  the  same  direction  as,  but  drawn  in  the  opposite 
sense  to,  that  which  represents  Ni.  This  will  also  be  true  of  the  vectors 
Ai  and  Ai,  etc.  Of  course,  the  actual  magnitude  of  N  will  bear  to  that  of 
N  a  ratio  which  is  dependent  on  the  wave  form  of  N,  and  this  ratio  will  not 
necessarily  be  the  same  as  that  of  the  magnitudes  of  A  and  A,  two  other 
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quantities  related  in  the  same  way.  Indeed,  this  ratio  is  not  the  same  for 
iX  and  N  as  it  is  for  Sr  and  N,  except  in  the  special  case  in  which  each 
follows  the  simple  sine  law  denoted  by  N  =  — jp'N. 


Fio.  2. 

In  other  cases  it  can  easily  be  established  by  aid  of  the  theorems  denoted 
by  (1)  and  (6)  that 

r     N     :     l5r    :    N    :     S,    etc., 

<8)  ^  =  1      :    |?i     :   pijpa  :  i^ip^a,  etc. 

Lwhere      p\    <   P2    <   Pz,    etc. 
It  is  also  easy  to  show  that 

<9)  N=-i?i»N  +  Z    and    STi  =  ^^N, 

where  Z  is  in  quadrature  with  both  N  and  iSf,  and  where  Ni  is  the  projection 
•of  ^  on  the  plane  containing  N  and  IX. 


Part  II. — The  Action  of  a  Cyclic  Magnetic  Field  on  a  Movable  Coil 

CONVEYING  A   CURRENT  OF  THE   SAME   FREQUENCY. 

If  C  be  the  current  traversing  a  coil,  the  flux  through  which  is  P  (the  flux 
per  turn  multiplied  by  the  number  of  turns),  and  if  ^  be  an  angulai*  dis- 
placement, the  corresponding  torque  T  will  be  given  by 


(10) 


'=«f- 


If  the  current  C  and  the  flux  P  are  steady,  the  torque  due  to  their  inter- 
action (by  the  convenient  rule  due  to  Maxwell,  vol.  II,  §  489)  will  be  so 
directed  as  to  tend  to  increase  P,  provided  we  consider  P  as  positive  when 
threading  the  coil  in  the  same  du'ection  as  the  flux  due  to  the  current  C. 
If  we  choose  a  particular  direction  round  the  coil  as  positive  for  C,  thh 
fixes  the  positive  direction  of  P,  and  the  direction  of  T,  which  is  to  be  con- 

z  2 
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Bideied  poeitiye^  is  that  corresponding  with  such  a  displacement  dB  that  V 
increases  with  the  displacement    If  the  current  C  and  the  flux  F 
alternating,  the  above  statements  are  still  true  at  any  instant,  but  it  di 
not  follow  that  the  average  or  steady  value  of  T  is  such  as  to  turn  the 
so  as  to  increase  the  magnitude  of  F,  that  is  to  say,  so  as  to  incieaae 
square  root  of  the  time  average  of  F^    The  mean  value  of  the  producV"< 
determining  T  will  be  zero  when  C  and  F  are  in  quadrature,  and 
change  sign  as  the  phase  difierenoe  alters  from  just  below,  to  just  above, 
right  angle. 

If  F  is  entirely  due  to  C,  that  is,  if  F  =  LC,  where  L  is  the  self—' 
inductance  of  the  coil,  we  have 

(11)  '^  =  ^Te' 

and  is  necessarily  positive,  that  is,  T  is  so  directed  that  the  displacement  it^ 
tends  to  produce  is  such  as  to  increase  L.    This  torque  always 
whatever  may  be  the  cause  of  the  current  C,  but,  in  the  cases  we  shall  have^^ 
to  consider,  it  is  so  small  as  to  be  negligible. 

We  shall  in  all  cases  assume  that  the  magnetic  field,  though  varying  with 
the  time,  has  a  fixed  mode  of  distribution  in  space,  or  that  the  induction 
density  at  any  point  is  the  product  of  a  vector  function  detennined  by  the 
position  of  the  point  and  not  dependent  on  the  time,  and  a  scalar  function  of 
the  time,  the  same  for  all  points  in  the  field.  In  other  words,  we  shall 
assume  that  the  fluxes  through  any  two  coils  placed  anywhere  in  the  field 
are  always  in  the  same  phase,  though  the  viagnitttde  of  each  flux  depends  on 
the  configuration  of  the  coil,  and  on  the  co-ordinates  determining  its  position.  --^^ 
Alternate  currents  of  commercial  frequencies  vary  so  slowly  that  this  assump-  — ^ 
tion  is  justifiable,  except  in  a  few  cases  in  which  the  variable  permeability  "^'^^ 
and  hysteresis  of  iron  prevent  the  medium  from  having  a  fixed  magnetic  i:>i^ 
character,  and  cause  the  flux  distribution  to  alter  for  difierent  magnetising 
currents. 

If  the  position  of  the  coil  is  completely  detennined  by  0,  we  have,  on  the 

above  assumptions, 

F  =  Ft, 

where  F  depends  solely  on  0  and  r  depends  solely  on  the  time.    Thus 

m  _  n^F  _  ri^dF 

or 

(12)  T=igcP. 


MT 
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Thus  the  mean  value,  or  the  steady  part,  of  T,  which  we  shall  denote  by 
T„  is  given  by 

(13)  T.  =  ^gcP; 

and  this  equation  must  be  true  in  all  cases. 

Now  if  the  current  is  Ci,  due  to  the  electromotive  force  induced  by  the 
time  rate  of  change  of  the  moving  coil  flux  P,  the  torque  which  results  will 
depend  on  the  nature  of  the  circuit  containing  this  coil. 

Suppose  this  circuit  to  be  metallically  closed,  and  to  have  a  resistance  R 
and  self-inductance  L,  we  then  have 

(14)  RCi  +  LCi  =  -F. 
Multiply  this  by  P  and  take  means.    We  get 


RCiP+LCiP=  -PP  =  0; 
but  if  we  multiply  the  same  equation  by  LCi  and  take  means,  we  get 


or,  using  (6),  LRCi^ + 0  =  +  LCiP. 

By  adding  these  two  derived  equations,  we  get,  on  dividing  by  R, 

LCi»+aP  =  0. 
Hence,  substituting  in  (13),  we  get 
(15)  T.=  -lgw 

From  this  it  follows  that  T,  is  negative,  or 

(16)  A  closed  condncting  circuit  having  self-indicctance  and  placed  in  an 
alternating  magnetic  field  wUl  tend  to  set  itself  so  as  to  decrease  to  a  minimum 
the  magnitude  of  the  flux  it  surrounds. 

The  forces  tending  to  displace  the  cQil  vanish  if  L  is  zero  or  n^ligible,  but 
they  are  not  simply  proportional  to  L,  since  Ci  is  inversely  proportional  to 
the  impedance  of  the  coil. 

Suppose  in  the  next  place  that  the  circuit  of  the  coil  is  closed  through  a 
condenser  of  capacity  K.  If  the  resistance  of  the  circuit  is  R,  the  current 
Ci  induced  by  the  field  will,  under  ordinary  circumstances,  be  so  small  that 
RCi  is  negligible  in  comparison  with  F.  Under  these  conditions,  if  Vi  is  the 
voltage  of  the  condenser  we  find,  after  paying  due  regard  to  sign,  that, 

Ci  =Ktri    and     Vi  =  -t", 
whence  OP  =  KVJP  =  -KV^  =  +KVi'»  =  KVi»; 
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80  that,  using  (13),  we  have  in  this  case 

(17)  T.=  +lgKVx» 

where  Vi  is  the  voltage  induced  in  the  circuit  by  the  field;  thus  T,  is 
necessarily  positive,  or  we  have 

(18)  If  a  coil  whose  circuit  is  closed  through  a  cortdenser  be  placed  in  an 
alternating  magnetic  fields  it  will  tend  to  move  so  as  to  increase  to  a  maximum 
the  magnilude  of  the  flux  it  surrounds. 

It  can  be  shown  that  (17)  is  accurate,  even  allowing  for  the  resistance  of 
the  coil,  though  in  this  case  the  voltage  Vi  of  the  condenser  is  not  the  same 
as  —  P  the  electromotive  force  induced  by  the  field.  Allowing  for  the 
resistance  R,  it  will  be  found  that 

From  these  equations  we  obtain 


CiVi  =  KViVi  =  0, 


CiP  =  K^=  -KVi*  =  +KVi  (Vi  +  RCi) 
=  KW  =  KV^ 
as  in  the  previous  case,  while  the  power  supplied  to  the  circuit  is 

Ci(-:f)  =  Ci(Vi  +  RCi)  =  RCi2 
and  P  =  Vi^-l-R^Ci^ 

so  that  if  RCi  is  less  than  one  per  cent,  of  F,   the  values  of  Vi^  and  ]f^  will 
dififer  by  less  than  1  part  in  10,000. 

Now  let  us  suppose  we  have  constructed  an  instrument  for  alternate 
current  measurements,  consisting  of  a  movable  coil  placed  in  the  intense 
alternating  magnetic  field  due  to  an  iron-cored  electromagnet,  and  let  us 
assume  that  the  circuit  of  the  coil  includes  a  portion,  external  to  the  instru- 
ment, on  which  an  alternating  electromotive  force  E  is  impressed.  The 
torque  acting  on  the  coil  will  still  be  given  by  (13),  where  P  is  the  flux 
through  the  coil  due  to  the  electromagnet,  and  where  C  is  the  resultant 
current  through  the  coil,  due  to  all  the  impressed  and  reactive  electromotive 
forces  in  the  circuit. 

Let  us  assume  in  the  first  place  that  the  moving  coil  circuit  is  metallically 
closed,  and  that  its  resistance  is  R  and  its  self-inductance  L.     We  then  have 
for  the  moving  coil  current 
(19)  RC  +  LC=  -P  +  E. 

The  solution  of  this  is  C  =  Ci  +  C2, 

where  RCi  +  L6i  =  -  *•,        RCa + L63  =  E, 
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80  that  the  torque  is 

_       1  dFp=j      1  dF      .—    /snsv 

or  T,  =  Ti+T2, 

where  Ti  is  the  torque  already  calculated  (15)  which  depends  on  P,  and  is 
independent  of  E,  while  Ta  is  a  torque  due  to  the  interaction  of  P  with  Ca,  a 
current  calculated  from  E  alone,  without  reference  to  P,  or  to  its  reactive 
influence  on  the  circuit. 

A  similar  argument  applies  to  the  case  in  which  the  moving  coil  is  closed 
through  a  condenser.     In  this  case  we  have  the  equations 

(20)  C  =  KV    and    V+EC  +  LC  = -*"  +  E, 

and  we  can  put 

C  =  Ci  +  Ca  and  V  =  Vi  +  Va,  etc., 
where  the  quantities  having  the  first  suffix  satisfy  the  equations  when  E  is 
zero,  and  those  with  the  second  suffix  satisfy  the  equations  when  P  is  put 
equal  to  zero.  As  in  the  previous  case,  the  torque  T,  on  the  moving  coil  will 
consist  of  two  independent  parts,  one  of  which  Ti  is  solely  due  to  P,  and  the 
other  of  which  Ta  is  due  to  Ca  and  P,  where  Ca  is  solely  due  to  E.  In  each 
case  the  importance  or  otherwise  of  T^  can  easily  be  tested  in  an  actual 
instrument  by  simply  arranging  for  E  to  be  zero.  As  shown  later,  Ti  can 
also  be  easily  calculated  from  the  formula. 

The  method  of  superposition  can  \ie  conveniently  applied  to  alternate 
current  problems  provided,  (1)  the  differential  equations  connecting  the 
currents  and  voltages  are  linear,  and  (2)  the  resistanc-es,  induction  coefficients, 
capacities  and  other  factors  are  independent,  not  only  of  the  time,  but  also  of 
the  physical  variables,  such  as  current,  voltage,  etc.  Under  these  conditions 
it  is  easy  to  prove  the  following  theorem : — 

(21)  If  El,  Ea,  Es,  etc.,  be  any  impressed  electromotive  forces  distributed 
in  any  manner  among  the  branches  of  any  network  of  conductors,  the  current 
C  in  any  selected  branch  will  be  given  at  each  instant  by  the  equation 

C  =  Ci  +  Ca+C3+..., 
where  Ci  is  the  current  calculated  on  the  assumption  that  all  the  impressed 
electromotive  forces  are  zero  except  Ei,  and  similarly  for  Ca,  Ca,  etc.  The 
current  in  any  branch  is  at  every  instant  the  sum  of  the  currents  which 
would  be  produced  in  that  branch  by  each  impressed  electromotive  force 
acting  alone. 

Since  the  current  in  any  branch  can  th^retically  always  be  reduced  to  zero 
by  insertiug  a  suitable  electromotive  force  into  the  branch,  the  above  theorem 
may  readily  be  used  to  prove  that. 
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« 22)  If  the  electromotive  forces  impressed  on  a  network  cause  a  diflference 
rf  potential  V  between  two  given  points  of  the  network,  and  if  these  two 
>,-£2its  be  afterwards  joined  by  a  wire  possessing  resistance  and  self  (but  not 
itxnuJ)  inductance,  the  current  which  will  flow  through  the  wire  will  be 
evii:-iiT  what  an  electromotive  force  V  would  produce  in  a  circuit  consisting 
rf  x5«^  wire,  and  the  network  to  which  the  wire  is  joined,  assuming  the  other 
^tti7«?j«Hi  electromotive  forces  removed  from  the  network. 

tV  aK^vo  theorems  I  have  found  serviceable  in  reasoning  out  the  behaviour 
^%'  ^vttK5«cJling  networks  used  for  a  number  of  tests  made  in  connection  with 
jrV  v«t»ttt  i^aper.  The  complete  mathematical  solution  of  the  problems 
'^H^^^^Js^Wvl  l\v  such  networks  is,  as  a  rule,  impossible,  owing  to  the  unknown 
%ei^v  ^"Ctu^  of  the  variables.  For  the  purpose  of  an  actual  test  the  complete 
^»/t\^Jilw«  I*  not.  as  a  rule,  needed,  while  the  particular  relationship  required 
v^Mi  ^.»ft^u  l^  readily  seen  with  the  aid  of  the  above  theorems*  without  making 
s^v  ;Mt»\uuptions  about  wave  form. 

Part  III. — The  Theory  of  Shunt  Magnet  Instruments. 

{.^X  r  he  the  resistance  of  the  coil  of  an  electromagnet  subjected  to  a  periodic 
volUs^  V,  and  let  N  be  the  total  number  of  lines  of  force  enclosed  by  the 
wiuiUng,  that  is  let  N  be  the  product  of  the  number  of  turns  of  the  coil  and 
tho  tl\ix  of  lines  through  the  core.  Let  Am  be  the  current  flowing  through 
tho  ooil.     We  then  have 

^23)  V  =  rAm+ir. 

For  the  cores  of  large  transformers  with  closed  magnetic  circuits  it  is  in  some 
oases  the  fact  that  the  magnitude  of  V  is  over  one  hundred  thousand  times  as 
groat  as  that  of  rAm-  For  small  magnetic  circuits  suitable  for  instruments  of 
<irdinary  size  the  ratio  will  be  much  less,  especially  if  an  air  gap  is  introduced 
to  allow  a  coil  to  move  across  the  field,  but  even  in  such  cases  I  have  found 
it  possible  with  careful  design  to  make  this  ratio  exceed  250  for  alternate 
currents  having  a  frequency  of  50  cycles  per  second. 

Let  us  for  the  present  assume  r  to  be  so  small  that  rAm  is  negligible 
compared  with  V,  or  that  the  ratio  of  the  resistance  to  the  impedance  of  the 
coil  is  negligible.  The  relationship  between  the  field  N  and  the  exciting 
voltage  V  is  then  indqjcndent  of  the  pemneahility  and  hysteresis  of  the  core. 
Suppose  the  electromagnet  to  have  a  narrow  air  gap  in  which  a  coil  can  move, 

♦  The  truth  of  (21)  and  (22)  for  direct  current  circuits  has  been  long  known.  The  latter 
theorem  (22)  is  due  to  Th6venin,  *  Comptes  Kendus,'  1888,  vol.  97,  p.  159,  and  is  often 
convenient.  Theorem  (21)  for  alternate  current  circuits^  though  not  precisely  stated, 
seems  more  or  less  indicated  in  one  of  Heaviside's  *  Electrical  Papers,'  vol.  2,  pp.  294 — 296. 
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80  as  to  turn  about  an  axis,  its  position  being  completely  specified  by  a 
deflection  0.  Let  F  be  the  flux  enclosed  by  this  coil  for  the  deflection  0. 
We  assume  P  strictly  in  phase  with  N,  so  that 

<24)  P  =  />N, 

where  p  depends  on  0,  but  is  independent  of  time.    Hence,  assuming  r  in  (24) 

(negligible,  we  have 

<25)  P  =  />lSr  =  pV, 

•so  that  p  is  the  ratio  of  the  voltage  of  the  moving  coil  (on  open  circuit)  to 
Jthe  applied  voltage  V,  and  is  a  quantity  which  for  any  deflection  0  can  be 
measured,  provided  suitable  voltmeters  are  available. 

Supj^se  the  moving  coil  circuit  be  closed  through  a  condenser  of  capacity 
K,  and  to  have  an  electromotive  force  E  impressed  upon  it,  or  suppose  the 
moving  coil  (in  series  with  the  condenser  K)  be  applied  to  mains  at  potential 
E,  we  then  have,  from  (20),  assuming  R  and  L  negligible, 

O  =  K^i,    where    Vi  =  -*•+£  =  -pV+E, 

.-so  that  C  =  —  KpY + Kfi. 

Hence  PC  =  -KpVP+KfiP 

=  +KpVi'-KEi; 
;and  by  (25)  this  is  equal  to 

PC  =  Kp[p^-EV]. 

For  a  voltmeter  we  can  make  E  the  same  as  V,  but  we  can  apply  it  to  the 
moving  coil  in  either  of  two  ways.    Thus  for  a  voltmeter 

<26)  PC=Kp(p±l)Vl 

This  quantity  is  proportional  to  the  torque,  and  hence  this  torque  for  a 
given  value  of  0  and  of  p  simply  depends  on  V^  so  that  the  instrument  can 
be  calibrated  as  a  voltmeter.  It  is  easily  possible  to  make  p  negligible 
•compared  with  unity,  but  in  any  case  the  factor  [/)±1]  only  affects  the 
•calibration,  and  not  the  accuracy  of  the  voltmeter.  It  readily  follows  from 
^24),  remembering  that  N  is  independent  of  0,  that 

F  =  pN, 
■so  that  the  general  expression  (13)  for  the  steady  torque  is  the  same  as 
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which  in  the  case  of  the  above  voltmeter  (with  p  negligible  compared  wit.h 
unity)  becomes 

(29)  T.=  ±^KV3. 

du 

Next  assume  the  moving  coil  circuit  to  be  metallically  closed  through  tlio 

secondary  of  a   transformer   the   coils  of  which   have  a  constant  mutixfitl 

inductance  M.     Suppose  the  primary  coil  of  this  transformer  to  be  travera^id 

by  a  current  A.     Let  R  be  the  resistance  of  the  moving  coil  circuit,  but  fox 

the  present  let  us  assume  the  self-inductance  of  this  circuit  negligible.     "S^fcTe 

then  have 

RC  =  -*•  +  £,    where    E  =  M A. 

Also  by  (25)  ^  = /> V,  * 

and  by  (13)  and  (28)  T.  =  1  ^CP. 

p  du 

But  ECP  =  -Pi+EP  =  MAP 

=  -MAF  =  -Mpiv, 
80  that 

(30)  T.-±g^AV. 

or  T,  is  a  measure  of  the  power  in  watts  associated  with  the  current  A  ai 

the  voltage  V.     The  ambiguity  of  sign  merely  implies  that  the  secondar}' 
the  transformer  can  be  connected  up  in  two  ways. 

Certain  assumptions  have  been  made  in  establishing  the  formulie  (29)  am 
(30),  and  it  remains  to  show  what  influence  any  error  in  these  assumption 
has  on  the  action  of  the  instrument. 

I  have  already  discussed  the  theory  and  construction  of  iron  cored  shunt 
magnet  instruments,  and  described  a  rather  long  experimental  investigation  of 
their behaviour,in  two  papers  published  by  the  Institution  of  Electrical  Engineers 
(vols.  34  and  36).  In  one  of  these  papers  the  theory  of  the  voltmeter,  and 
of  its  error,  were  very  fully  dealt  with,  and  it  will  suffice  to  add  here  that 
these  voltmeters  are  most  satisfactory  instruments.  They  need  but  a 
negligibly  small  current  to  work  them,  and  are  very  sensitive,  especially 
when  constructed  so  as  to  have  a  weak  control,  and  for  use  with  an  optical 
pointer. 

The  theory  of  tlie  wattmeter  merits  much  fuller  consideration.  The 
properties  of  magnetic  fields  due  to  shunt  excited  electromagnets  have  a 
wider  interest  than  that  arising  from  the  use  of  these  magnets  for  a 
particular  jnirpose,  such  as  that  of  a  voltmeter  or  a  wattmeter.  If  a 
magnetic  field  can  be  caused  and  controlled  by  an  applied  voltage  in  accord^ 
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ance  with  a  strict  mathematical  law  [by  which  is  meant  a  law  which  in 
essence  involves  no  factors  dependent  upon  the  magnetic  or  other  variable 
physical  properties  of  the  medium,  and  which,  therefore,  is  independent  of 
changes  in  these  physical  properties],  such  a  field  must  be  found  useful,, 
sooner  or  later,  for  a  variety  of  measuring  purposes.  No  more  searching  test 
can  well  be  applied  to  such  a  field  than  an  investigation  of  its  action  in 
connection  with  a  wattmeter,  for  no  other  electrical  instrument  is  required 
to  work  under  such  severe  conditions.  Its  indications  must  be  correct  for  all 
values  of  no  fewer  than  five  variables,  viz.,  amf»eres,  volts,  power  factor,, 
frequency,  and  wave  form.  Moreover,  while  the  deflecting  forces  corre- 
sponding with  the  power  to  be  measured  diminish  with  the  power  factor  of 
the  load,  this  is  not  the  case  with  those  corresponding  with  the  error  of  the 
instrument.  The  true  power  for  a  given  current  and  voltage  is  proportional 
to  cos  0,  while  the  most  important  part  of  the  error  is  proportional  to  sin  0,. 
so  that  this  actually  increases  as  cos  ^  diminishes,  and  becomes  relatively 
very  important  for  low  power  factors. 

Now  to  determine  T«  we  have,  besides  (28),  the  equations 

(31)  V=rA^+il  P  =  />N, 

RO+LO  =  -*"+£. 
E  is  the  electromotive  force  in  the  secondary  of  the  transformer  the  primary 
of  which  is  traversed  by  the  main  current  A.  For  an  air  core  transformer  E 
will  be  strictly  proportional  to  A.  If  the  magnetic  circuit  of  the  trans- 
former contains  iron,  the  flux  Na  enclosed  by  the  secondary  coil  will  not  be 
strictly  proportional  to  A,  but  we  can  always  put  (see  (2)) 

(32)  Na  =  MA+n, 
where  n  is  in  quadrature  with  A  and 

E  =  ]!^a  =  MA+n. 
From  the  above  equations  (31)  we  can  omit  J",  since,  as  already  shown 
(19  and  15),  we  can  calculate  the  part  of  T,  due  to  'P  separately.     Its  value 
will  be 

p  du 
where  Ci  is  calculated  from 

RCi+L(5i=-P, 

or  since  Ci  and  Oi  are  in  quadrature  and  the  ratio  of  the  magnitudes  of 

LCi  and  EOi  is  very  small, 

R^i«  =  F»  =  ;>^« 

with  sufficient  accuracy.    Hence  the  torque  due  to  P  is 

(33)  T.  =  -,|l5. 
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a  quantity  deteniiined  by  Y  alone.  It  is  not  dependent  on  A  or  on  tbe 
power  factor  of  the  load,  nor  is  it  dependent  upon  the  frequency  or  wave 
form  of  V,  assuming  rA^  is  negligible.  If  we  omit  P  from  equations  (U\ 
these  become 

{U)  V  =  rA^  +  l&,         P  =  pN. 

RC  +  LC  =  MA  +  n  =  N.. 
The  above  may  be  reganled  as  equations  between  vectors,  and  rememberiiig 
(7)  and  the  quadrature  i^lationship  of  vectors  like  C  and  C,  the  complete 
figure  can  be  easily  indicated  as  in  fig.  3,  where  *p  is  the  phase  difference  of  the  ^ 
current  A  and  the  main  voltage   V,  and   the  small   phase  errors  of  the^ 
instrument,  which  for  the  sake  of  clearness  are  greatly  exaggerated  in  thfi 
figure^  are  denoted  as  follows  :■ — 

{35)    ^^,  the  angle  between  iS"  and  V  due  to  the  resistance  of  the  tuagnat 

coil 
4^4        „  J,        Nd  and  C  „  self-inductance     of     the 

moving  coil  circuit.       fl 
^,        ,,  „        Nfl  and  A  „  h}  steresis   of   tlie   trans- 

former core. 

These  angles  must  each  be  made  very  small  if  the  wattmeter  is  to  ^ 
6ven  approximately  correct,  so  that  we  shall  regard  them  as  amall  quantities 
of  the  first  order,  and  neglect  their  squares  and  products  compared  with 
unity.  Hence  it  follows,  with  the  aid  of  (34),  that  to  this  degree  of  approxi- 
mation 

RC  =  MA  =  MpA,         V  =  N  =  Ni?, 

F  =  /)N    or    ¥p  =  pY, 
and  that  these  magnitudes  are  the  same  as  if  0mi  0«>  0t>  were  all  zero. 

Now  the  torque  depends  upon  PC,  that  is  upon  FC  cos  (^  +  ^.), 
where  (0  +  0«)  is  the  phase  difference  between  P  and  C.  The  magnitudes 
'F  and  C  are  the  same  as  if  the  phase  errors  were  zero.  It  will  be  seen 
from  fig.  3,  assuming  as  a  first  approximation  that  all  the  vectors  lie  in  one 
plane,  that  (^  +  ^.)  is  the  complement  of  the  angle  separating  C  and  N,  since 
N  is  in  quadrature  with  N  and  F.     Hence 

0  +  0,  =  0  +  0m  +  0«+0i, 

and,  since  all  the  phase  errors  are  small, 

cos  (0  +  <f>^)  =  cos  0(1—0^  tan  0), 
(36)  where    0.  =  0« + 0, + 0t, 

Hence,  by  (28),  (31),  and  (33),  the  complete  expression  for  T,  is 

<=^)      ■'■=±^?i^<i-*-'"''*)-''ii'S. 
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where  0,  is  given  by  the  preceding  equation  and  where  W  =  VA  cos  0,  the 
true  power  in  watts. 

In  establishing  the  above,  we  have  assumed  that  all  the  vectors  of  fig.  3 
lie  in  one  plane.  This,  in  general,  will  not  be  the  case,  nor,  indeed,  as  a  rule,, 
will  a  three-dimensioned  figure  suffice.  But  if  all  the  angles  forming  0, 
are  small  quantities  of  the  first  order,  it  will  be  seen  that  the  length  of 
any  projected  vector  will  bear  to  the  length  of  the  corresponding  unprojected 


MA 


Fio.  3. 


vector  a  ratio  1—6^,  where  c^  is  a  small  quantity  of  the  second  order. 
Moreover,  this  will  also  be  true  of  the  projected  values  of  the  phase  errors 
^»  0«>  0<-  Neglecting  such  quantities,  the  formula  (37)  is  still  accurate,  as 
also  (36),  the  equation  for  0„  provided  the  latter  is  regarded  as  a  vector 
equation,  so  that  ^<  can  never  exceed,  and  must,  in  general,  be  less  than, 
the  numerical  sum  of  the  separate  phase  errors.  The  full  analytical 
investigation  quite  bears  out  these  statements,  but  as  its  working  involves 
much  detail,  and  does  not  bring  out  any  new  point,  it  will  be  sufficient  to 
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indicate  a  shorter  proof  in  which  advantage  is  taken  of  the  smallness  of  the 
fractions  denoting  the  phase  errors. 

The  value  of  T,  must  evidently  be  a  function  of  V,  A,  (f>,  and  the  phase 
errors,  and,  hence,  if  we  can  neglect  squares  and  products  of  the  latter,  we 
can,  by  Taylor's  theorem,  expand  T,  and  put 

T.  =  oT.[H-X0«+/^0.  +  i'<^a 
where  oT,  is  the  value  of  T„  assuming  all  the  phase  errors  to  be  zero,  and 
where  \,  /x,  v  do  not  involve  these  quantities.  It  only  remains  to  determine 
the  values  of  these  coefficients,  and  it  is  clear  that  we  can  find  any  one  of 
them  by  assuming  two  of  the  quantities  r,  L,  ?i  equal  to  zero,  and  solving 
the  equations  (34)  so  modified.  It  is  easy  to  show  that  each  coefficient  can 
be  expressed  by  the  formula 

-(l-e2)tan<^, 

where  e^  is  a  positive  quantity,  which  may  be  zero,  which  is  always  very 
small,  and  which,  in  fact,  can  nearly  always  be  neglected. 

Thus,  to  find  X,  the  coefficient  of  ^m,  we  put  L  and  n  each  equal  to  zero 
in  (34),  and  have  the  equations 

V  =  rA+lSr;    EC  =  MA;    and    P  =  />N. 
Thus  PC  =  /)^NA=  -/>^^ 

=   -p^NAc08((f>  +  <^mO, 

where  <f>-{-<f>m'  is  the  angle  between  the  vectors  A  and  N.  Referring  to 
fig.  3,  it  will  be  seen  that  though  the  vectors  N,  V,  and  A  may  not  lie 
in  one  plane,  they  can  be  properly  represented  in  a  three-dimensioned  figure, 
And  that  <^4-</>m'  cannot  exceed  <^-|-<^m,  and  must,  in  general,  be  less,  or 
the  ratio  of  <f)J  to  <f>m  must  be  less  than  unity.  Also  the  magnitudes 
V  and  N  must  be  equal,  since  <f>Tn  is  small  and  Am  is  approximately 
perpendicular  to  V.  In  other  words,  N  is  independent  of  <^,n,  and  it  readily 
follows  that 

T.  =  .T.?2i(^^')  =  „T.  [l-,^„'tan«t]. 

COS  <^ 

so  that  X  =  _^m'tan<f>  ^  _(i_^)  tan  <t>. 

By  a  similar  process  the  coefficients  fi  and  v  may  be  obtained,  and  their 
values  will  be  found  to  satisfy  a  simihir  formula.  The  result  is  to 
completely  establish  (36)  and  (37)  with  the  limitation  already  stated  in 
regard   to   the   former  equation ;    that   it   must   be  regarded  as  a   vector 
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equation,  so  that  0,  can  never  be  greater,  and  must,  in  general,  be  less  than 
ithe  numerical  sum  of  0^,  0«,  and  ^j. 


Part  IV. — Experimental  VeuificatIon. 
A  moving  coil  electromagnet  instrument,  having  the  characteristics  already 
described,  may  be  constructed  of  thin  sheet  iron  stampings,  as  illustrated 
in  fig.  5,  in  which  shaded  areas  denote  the  wmdings  in  section.  The 
magnetic  circuit  contains  only  one  air  gap.  To  reduce  the  reluctance  of 
this  as  much  as  possible,  its  section  is  increased  by  extending  the  poles, 
«o  that  one  almost  surrounds  the  other  as  shown.  The  polar  distance  across 
the  gap  is  reduced  to  the  smallest  value  consistent  with  the  free  motion 
of  the  moving  coil.     This  coil  is  rectangular  in  shape,  and  turns  about  one 


Fio.  4. 
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of  its  long  sides  as  an  axis  (shown  at  0),  the  opposite  side  moving  in 
the  arc-shaped  air  gap  between  the  poles.  A  pointer  OP  is  attached  to  the 
coil  and  reads  on  a  suitable  scale  PS.  The  magnetic  joints,  indicated  at 
J,  needed  for  constructional  purposes,  are  made  as  good  as  possible  by 
building  up  successive  stampings,  so  as  to  overlap  at  the  joints.  The 
resistance  of  the  magnetising  coil  (consisting  of  two  windings,  one  on  each 
limb)  is  reduced  by  using  as  much  metal  in  the  coil  as  the  available  winding 
space  allows.  Such  constructional  features  ensure  two  desirable  results. 
The  ratio  of  the  resistance  of  the  coil  to  its  impedance  is  made  small,  and 
the  ratio  of  the  magnetic  leakage  to  the  total  magnetic  flux  is  diminished 
as  much  as  possible.  The  latter  ratio  cannot  be  assumed  to  be  quite  constant 
for  different  magnetising  currents,  so  that,  imless  it  is  a  small  fraction,  the 
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Hux  density  at  a  particular  part  of  the  air  gap  may  uot  always  be  suffieieutly 
proportional   to   the  total  flux   enclosed  by  the    ooiL      The    instmmeDtA 
aetimlly  made  have  been  conatnicted  to  several  designs,  the  earliest  of  which 
is  indicated  in  fig.  4.     In  none  of  these  instruments  has  any  adverse  effect 
due  to  variation  of  magnetic  leakage  been  observed.     But  the  instnitue^^ 
illustrated  in  fig.  4  is  more  likely  to  show  such  an  effect  than  that  illuetrat*^ 
in  fig.  5.     The  magnet  of  fig.  4  consists  of  two  blocks  of  stampings  wi^^ 
butt  joints  at  J  J,  and  measurement  shows  that  wliile  most  of  the  magne*'"^^ 
fiux  through  the  centre  limb  crosses  the  narrow  circular  air  gap  in  wti^^ 
the  moving  coil  turns,  an  appreciable  portion  of  the  total  flux  leaks  to  t^^ 
side  limbs  by  longer  air  paths.     In  the  magnet  of  fig.  5  this  leakage  must  \p^^^ 
a  much  smaller  ratio  to  the  total  flux. 


The  Jjuluctanae  of  tht  Moving  CoU. 
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If  the  field  coil  of  such  an  electromagnet  be  excited  by  an  alteruatt^^ 
voltage,  and  the  moving  coil  be  closed  through  a  small  resistance,  this  coi' 
will  be  found  to  turn  (in  accordance  with  (16))  till  the  flux  it  encloses  is  a* 
small  as  possible.  Thus,  in  e^ch  of  the  cases  represented  in  figs.  4  and  5,. 
the  coil  will  turn  towards  the  position  Oa.  By  increasing  the  resistance 
of  the  moving  coil  circuit  the  turning  force  can  be  easily  made  negligible^ 
since,  very  approximately,  the  torque  is  inversely  proportional  to  the  square 
of  this  resistance  (see  (15)). 

If  the  moving  coil  is  connected  with  the  terminals  of  a  condenser  and  the 
field  magnet  coil  be  excited,  the  moving  coil  will  be  found  to  turn  so  as  to 
enclose  the  greatest  possible  flux  (see  (18)).  For  the  case  represented  by 
fig.  5  the  coil  will  turn  to  the  position  Oc,  while  for  that  represented  hj 
fig.  4  the  coil  will  turn  to  the  nearer  of  the  two  positions  Oc,  Oc'. 

These  effects  are  quite  in  accordance  with  the  theory  previously  given^ 
but  do  not  indicate  any  special  facts  about  the  self-inductance  of  the 
moving  coil.  More  information  is  obtainable  on  this  point  by  testing  the 
formula  (11) 

where  C  is  the  moving  coil  current  and  L  is  the  self -inductance  of  the  coiL 
In  order  to  test  this  formula,  it  is  necessary  to  eliminate  the  torque,  due  to 
the  interaction  of  the  moving  coil  current,  and  the  flux  due  to  the  current 
in  the  magnetising  coil.  This  can  be  done  by  using  currents  of  two  different 
frequencies  for  the  moving  and  field  coils.  Under  these  circumstances  the 
only  torque  acting  on  the  moving  coil  is  that  given  by  the  above  formula^ 
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CLnd   by  observing  the  movement  of  the  coil  we  can   thus   find  in  which 
<lirection  L  increases. 

Such  tests  were  made  upon  an  instrument  constructed  like  fig.  5.  The 
turning  moment  was  found  to  be  so  minute  that  the  controlling  springs  had 
to  be  removed,  the  current  being  passed  into  the  moving  coil  by  means  of  fine 
wires  exerting  no  appreciable  control.  The  moving  system  had  also  to  be 
carefully  balanced.  The  moving  coil  contained  20  turns,  and  the  maximum 
current  that  could  be  safely  passed  through  it  was  about  0*2  ampere.  The 
magnetic  force  due  to  this  current  was  feeble  (the  length  of  the  magnetic 
circuit  was  about  15  inches,  and  the  magneto-motive  force  was  spent  mostly 
on  the  gap),  so  that  the  permeability  of*  the  iron  was  low.  The  first  test  was 
made  with  the  field  magnet  unexcited  and  with  the  field  coil  open  circuited. 
An  alternate  current  of  0*2  ampere  through  the  coil  caused  it  to  turn  to  a 
position  between  06  and  Oc,  about  30°  from  06  as  actually  shown  in  fig.  5. 
The  position  of  maximum  self-inductance  would,  theoretically,  be  along  Oc 
if  the  only  magnetic  circuit  comprised  the  long  iron  path  from  pole  to  pole 
and  the  single  air  gap  between  the  poles.  The  self-inductance  is,  however, 
partly  due  to  the  local  m^^netic  circuit  crossing  the  air  gap  twice,  once  on 
each  side  of  the  moving  coil,  and  this  portion  of  the  self-inductance  will  be 
greatest  when  the  coil  lies  along  06.  Hence,  under  the  actual  conditions, 
the  position  of  maximum  self-inductance  must  lie  between  06  and  Oc,  as  was 
indicated  by  the  test.  The  field  magnet  coil  (having  2000  turns  and  a 
resistance  of  8*5  ohms)  was  then  electrically  closed,  either  by  a  short  circuit, 
or  by  a  small  resistance,  this  latter  consisting,  in  one  case,  of  a  single 
accumulator  producing  through  the  field  coil  a  current  of  about  a  quarter  of 
an  ampere,  and,  in  another  case,  of  the  low  resistance  armature  of  an  excited 
alternator  applied  direct  to  the  field  coil.  An  alternate  current  of  0*2  ampere 
(produced  by  a  second  alternator)  when  passed  through  the  moving  coil  caused 
the  latter  in  each  of  these  cases  to  turn  to  the  position  06.  That  is  to  say, 
whenever  the  field  magnet  coil  was  electrically  closed  (the  total  resistance  of 
the  circuit  being  in  all  cases  small)  the  position  of  maximum  self-induction  of 
the  moving  coil  was  invariably  06,  whether  the  electromotive  force  impressed 
on  the  field  magnet  coil  circuit  was  steady,  alternating,  or  zero.  Thus  the 
aelf-inductance  of  the  moving  coil  was  dependent  upon  the  resistance  of  the 
field  coil  circuit  To  explain  this,  it  must  be  remembered  that  a  closed  coil 
of  low  resistance  has,  approximately,  the  shielding  effect  of  a  perfectly  con- 
ducting sheet.  If  we  assume  the  resistance  of  the  field  coil  to  be  zero,  and 
the  coil  to  be  short  circuited  (or  what  is  mathematically  equivalent  if  a  voltage 
be  applied  to  it,  the  value  of  which  is  independent  of  current),  it  is  theoreti- 
cally impossible  for  the  number  of  lines  of  force  enclosed  by  the  coil  to  be  in 
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any  way  altered^  unless  there  18  an  unbalanced  electromotive  fcro^ 
circuit,  in  which  case  the  rate  of  change  of  the  flux  must  be  such  as  f 
a  reactive  electromotive  force  exactly  balaiiciug  that  wliich  is  impTefij 
fluch  case  tlie  closure  of  the  field  coil  circuit  would  perfectly  control  j 

through  tlie  core,  and  this  tinx  would  be  uninfluenced  by  the  curreai 

neighbouriug  circuit  such  as  that  of  tlie  moving  cod,  | 

The  theory  of  the  instrument  akeadj  given  shows  that  it  is  neea) 

carefully  consider  tlie  inductance  of  the  moving  coil   circuit     It  i^ 

possible  to  cxinstruct  the  instruments  so  that  this  iuductanco  has  no  app 

influence  on  the  deflections.     Such  a  result  may,  at  first,  seem  unlikel; 

inductance^  directly  or  indirectly,  affects  the  deflection  in  three  ways. 
In  the  first  place,  the  reactance  causes  a  shift  of  phase  of  the  mo^ 

cun^ent,  and  a  resultant  error  simdar  to  that  which  arises  in  a  watti 

the  ordinary  dynamometer  type. 

Next  there  is  the  torque  given  by  the  formula 

wimm  C  is  the  moving  coil  current,  and  0  is  the  deflection,  i 

Knally,  there  is  the  torque  due  to  inductive  action  given  by  (15)  a 

and  P  =  pN    or    Fp  =  pV, 

where  P  is  the  electromagnet  flux,  traversing  the  moving  coil,  the  ' 
which  increases  with  the  number  of  turns,  and,  therefore,  with  t 
inductance  of  this  moving  coil. 

Moreover,  it  is  necessary  to  consider  whether  the  moving  coil  can 
said  to  have  a  true,  i.e,,  constant,  self -inductance,  for  the  coil  is  alwaj 
close  neighbourhood  of  iron  masses  whose  induction  density,  and,  tl 
permeability,  are  continually  varying  throughout  the  period. 

It  must  be  borne  in  mind  that  the  self-inductance  of  a  coil  is  i 
coefficient,  convenient  when  constant,  for  connecting  the  magnetising 
with   the   magnetic  flux   resulting  from  it,  and   that  what  is  ne( 
associated  with  a  magnetising  current  is  not  a  magnetic  flux  but  a  mag 
force.     The  current  causes  no  flux  if  the  circumstances  are  such 
magnetising  force  due  to  the  current  merely  calls  into  existence,  by 
an  equal  and  opposite  magnetising  force.     The  case  is  analogous  to  thi 
weight  of  a  body  which  causes  no  acceleration  in  it  when  at  rest  on 
If  there  is  no  extra  flux  due  to  the  current  in  the  coil,  this  coil 
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regarded  as  devoid  of  self-inductance.  Such  a  result  is,  in  the  main,  true  of 
the  coils  of  a  potential  transformer.  The  variation  of  the  secondary  current 
does  not  alter  the  flux  through  the  core,  since  this  flux  is  essentially 
controlled  by  the  primary  voltage;  all  that  happens  is  a  change  in  the 
primary  current  of  such  a  character  and  amount  as  to  exactly  neutralise  the 
change  in  the  magnetising  force  due  to  the  alteration  of  the  secondary  current. 
The  flux  through  the  core,  as  shown  diagrammatically  in  fig.  6,  consists  of  a 
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main  portion  N  threading  both  the  primary  and  secondary  coils  Ci  and  Cy 
and  traversing  the  best  magnetic  circuit,  and  also  of  two  local,  or  leakage, 
fluxes  111  and  n2,  each  of  which  threads  the  windings  of  one  coil  only,  and 
each  of  which  traverses  a  bad  magnetic  circuit  the  reluctance  of  which  is 
almost  entirely  due  to  that  of  an  air  path  and,  therefore,  essentially  constant. 
The  flux  N  is  determined  by  the  primary  voltage,  and  is  independent  of  the 
currents  in  the  coils  Ci  and  Ca,  but  the  flux  ili  is  strictly  proportional  to  the 
current  in  Ci,  while  the  flux  na  is  similarly  proportional  to  the  current  in  Ca. 
If  one  of  the  coils,  say  Ca,  is  on  open  circuit,  the  self-inductance  of  the  other 
corresponds  with  a  small  flux  Hi  strictly  proportional  to  the  current,  together 
with  a  large  flux  N  which,  owing  to  the  variable  permeability  of  the  iron,  is 
not  proportional  to  the  cun-ent.  Under  these  conditions  the  self-inductance 
is  large  but  not  constant.  If,  however,  one  of  the  coils,  say  Ci,  is  excited  by 
an  alternating  voltage,  the  self-inductance  of  the  coil  Ca  is  solely  due  to  the 
small  flux  Ha.  This  leakage  flux  is  proportional  to  the  secondary  current,  so 
that  energy  is  not  dissipated  when  the  flux  alternates,  and  the  coil  has  a  con- 
stant self-inductance  in  spite  of  the  presence  of  iron  masses.  But  the 
inductance  is  very  small,  and  it- is  possible  that  under  some  circumstances  it 
may  be  actually  less  than  would  be  the  case  if  the  ii'on  masses  were  removed. 
The  iron,  with  its  voltage  controlled  flux  N,  diminishes  the  flux  na  resulting 
from  the  current  in  the  secondary  coil,  since  it  occupies  paths  otherwise 
available  for  this  flux.     For  instance,  if  the  primary  coil  Ci  is  wound  as  in 
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fig.  5, 60  as  to  well  cover  the  core,  and  the  B&ofmitay  conrists  ^  i^  few  taioe 
round  the  primary  coil,  the  relactance  ot  tiie  lealoige  path  St  wiQ,  i&  aaob 
caae,  be  so  great  that  the  secondary  coil  will  be  esaaitialfy  defioid  ef  bM- 
inductance. 

By  those  accustomed  to  transformer^  and  similar  apparatus,  it  kieepgiiiiaiP 
that  the  self-inductance  of  the  coil  arises  from  the  leakage  fluai^  and  aokJmi 
the  main  flux;  but  I  know  of  <mly  one  set  of  ezpmmental teste i» iriofib 
the  matter  has  been  thoroughly  investigated.  These  tests  were  eanied  oi^ 
at  £[ing's  College,  London,  in  1892,  and  are  desmbed  in  a  report  written  igr 
the  late  Dr.  John  Hopkinson  for  the  Westing^ouse  Ciompany. 

The  description  in  question  is  much  more  than  an  ordinary  ccmuneicttl 
report  It  is  a  record  of  a  searching  experimental  uives^ifttioa  on  tm 
transformers.  Among  the  points  examined  was  the  instantaneous  relstioa- 
ship  of  the  leakage  fluxes  and  the  coil  currents.  Unfortunately  this  invoBti- 
gation  has  only  been  published  in  the  technical  press,t  so  that  it  may  te 
useful  to  state  briefly  the  experimental  result  of  interest  here. 

Beferring  to  fig.  6,  if  Yi  and  Ys  are  the  voltages,  Ai  and  A«  the  ciinsBi% 
and  n  and  rj  the  resistances  of  the  primary  and  the  secondaiy  oA 
respectively,  we  have 

Yi  =  riAi+if+ni, 

with  a  similar  equation  for  Y3.    The  experiments  showed  that  the  leakage 
flux  Hi  was  proportional  to  the  current  Ai  for  every  instant  of  the  period 
and  for  different  magnitudes  of  the  current  Ai.    This  was  proved  by  deter- 
mining the  values  and  wave-forms  of  the  different  quantities  required  by 
means  of  Joubert's  instantaneous  contact  method,  using  a  quadrant  electro- 
meter as  indicator.    The  curv^es  for  Vi  and  riAi  were  sepamtely  determined 
in  the  usual  manner.    The  curve  for  KT  was  obtained  with  the  aid  of  an  open 
circuit  coil  surrounding  the  flux  N,  or  by  an  equivalent  method,  and  the 
curve  for  hi  was  obtained  from  the  others  by  using'the  above  equation.    The 
curve  for  Ai  was  then  differentiated  to  get  the  curve  Ai,  and  the  latter  was 
finally  compared  with  the  curve  for  hi.     The  two  curves  were  found  to 
coincide,  and  the  comparison  made  was  the  more  convincing  because  of  the 
irregular  and  complicated  shape  of  the  curves.    The  tests  were  carried  out 

♦  As,  for  instance,  in  the  much  used  "short-circuit"  methods  of  testing  alternate 
current  machinery.  The  first  of  these  short-circuit  methods  was  pointed  out  by  myself 
in  1892  in  reference  to  the  efficiency  testing  of  transformers.  See  *Proc.  Inst.  Elec 
Engineers,'  vol.  21,  p.  741. 

t  See  ^  Electrician,'  vol.  29,  June  24  and  July  1,  1892.  I  understand  that  most  of  the 
tests  were  actually  carried  out  by  Professor  E.  Wilson,  who  has  since  published  in  the 
*  Electrician '  for  February  15  and  February  22,  1895,  an  account  of  some  additional 
experiments  which  constitute  further  verification  of  some  of  the  points  here  referred  to. 
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not  only  with  the  secondary  coil  open  circuited,  but  also  with  dififerent  load 
oorrents  taken  from  this  coil.  The  value  of  lli  was  found  proportional  to 
^1,  and  that  of  na  was  found  proportional  to  Aa,  at  each  instant,  and 
under  all  circumstances,  assuming  constant  voltage  excitation  of  one  of 
the  coils. 

It  follows  that  the  self-inductance  of  the  moving  coil  is  due  to  the  part  of 
the  flux  circulating  through  it,  but  not  traversing  the  core  surrounded  by  the 
field  coiL  In  the  case  of  fig.  5  the  self-inductance  will  be  greatest  when  the 
coil  lies  along  06,  and  in  that  of  fig.  4  the  corresponding  position  will  be  Oa, 
but  the  self-inductance  will  be  larger  in  the  latter  case  owing  to  the  leakage 
flux  which  passes  through  the  moving  coil,  and  traverses  the  closed  iron 
magnetic  circuit  formed  by  the  outer  limbs  of  the  magnet,  without  traversing 
the  central  core  whose  fiux  is  controlled  by  the  field  coil  circuit. 

In  several  cases  the  impedance  (and  hence  reactance)  of  the  field  coil  was 
tested  experimentally  and  found  to  compare  satisfactorily  with  that  calculated 
from  the  dimensions  of  the  gap,  the  reluctance  of  the  iron  part  of  the  magnetic 
circuit  being  negligible  for  the  induction  densities  used  in  the  tests.  It  was 
hence  possible  to  deduce  the  reactance  L^  of  a  field  coil  having  the  same 
number  of  turns  as  the  moving  coil.  A  quarter  of  this  value  will  be  the 
working  reactance  of  the  moving  coil  in  the  position  06  of  fig.  5,  since  the 
two  halves  of  the  air  gap  will  be  in  parallel  for  one  magnetic  circuit  and  in 
series  for  the  other.  It  was  thus  possible  to  calculate  the  approximate  value 
of  the  inductance  of  the  moving  coil  for  dificrent  values  of  0,  and  to  show 
that  the  values  of  L,  and  of  dL/d0,  were  too  small  to  affect  the  accuracy  of 
the  instruments  actually  constructed. 

In  some  cases  the  value  of  Lp  was  measured  directly.  This  was  not  a 
simple  matter.  It  was  necessary  to  use  an  alternate  current  method.  It 
was  useless  to  attempt  to  compare  the  impedance  of  the  coil  with  its  resist- 
ance, for  these  two  quantities  only  differed  by  about  one  part  in  5000,  since 
the  reactance  was  only  about  2  per  cent,  of  the  resistance.  A  bridge  method 
was  actually  used,  the  coil  to  be  tested  forming  one  arm,  the  other  three 
consisting  of  non-inductive  resistances,  two  of  which  measured  about 
1000  ohms  each.  All  the  resistances  were  suitable  for,  and  were  used  with, 
currents  of  about  01  ampere.  A  pressuie  of  100  volts,  alternating  at  a 
frequency  of  50,  was  applied  to  the  bridge.  The  cross  conductor  was 
arranged  to  have  a  resistance  of  about  200  ohms  to  reduce  shunting  errors, 
and  contained  an  instrument  capable  of  measuring  pressures  as  low  as 
0-0002  volt  applied  to  this  conductor.  So  far  as  I  am  aware,  no  instrument 
for  alternating  curi'ents  is  obtainable  which  is  at  all  .suitable  for  such  a 
measorement.    The  voltage  was  mesisured  after  rectification  by  a  suitable 
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oommutator,^  with  the  aid  of  a  delicate  gahannraeter.  To  Tnea&ure  l^lie 
miniromn  crosB  voltage  it  was  necessary  to  make  an  exti^mely  fine  adjust- 
'inent  of  the  hridge.  This  was  obtained  by  means  of  a  sliding  contact  on  a 
potentiometer  wire  2  metres  long  and  of  about  9  ohms  realataiioe.  *Hie 
minimum  cross  voltage,  divided  liy  the  current  through  the  coO  under  t>«st. 
gave  the  reactance  Lp  of  this  coil. 

•An  instrument  of  the  type  indicated  in  fig,  5  waa  e^mined  by  the  al»^^e 
method.  The  moving  coil  contained  20  turns  and  had  a  i^esistance  (iuclui'^Lii^g 
leads)  of  11  ohms.  It  was  fixed  in  the  position  Ob  and  its  reactance  ^^a* 
tested  when  the  field  coil  was  (i)  ^m  open  cireuit,  and  (ii)  on  short  cin^^tiit^ 
The  values  m^ksured  were  respectively  0160  and  0136  ohm  for  a  fueque-  ~ney 
of  60  cycles  per  second.  The  dlflerence  between  ttiese  numbers  is  the  ^^^'^ 
of  the  reactance  due  to  the  main  magnetic  cii-cuit  of  the  magnet,  and^R  its 
ibnall  value  is  attributable  to  the  low  permeability  of  the  iron  un^v^dej- 
the  feeble  magnetic  forces  due  to  the  moving  coil  current.  A  coil  of 
18  turns,  wound  round  the  yoke  of  the  maguet  (at  Z,  in  fig.  5\  was  ^^bo 
tested  with  currents  of  the  same  frequency.  The  resistance  of  this  ^^cui5 
was  0*4  ohm,   and  its  reactance   was   found   to  lie  0^033   ohin  with  ^^^ 

field    coil    open    circuited,    and     0'014    ohm    with    the    field    coil    sh^^^^^ 
circuited.    The  two  coils  were  afterwards  put  in  series  (opposing),  and   -^-^he  ^ 
reactance  of  the  combination  was  found  to  be  0*147  ohm  for  the  field  cr:::^^" 
short  circuited,  and  0-150  ohm  for  the  field  coil  open  circuited.     The  ccr^^"^ 
80  connected  were  essentially  non-inductive  as  regards  their  mutual  magne^^^'^ 
circuit,  so  that  the  two  above  values  should  be  equal   to   each  other,  a— ^^ 
also  to  the  sum  of  the  numbers  0*136  and  0*014  found  for  the  coils  sej^^^' 
rately.     This  auxiliary  coil   was   originally   wound   round   the  magnet  ^^^ 
another  purpose,  being  intended  for  use  in  series  with  the  moving  coil,  acP^ 
to  be  so  connected  that  the  voltages  induced  by  the  magnet  in  these  coils 
opposed  each  other  and  balanced  for  a  certain  position  of  the  moving  coil. 
In  this  way  the  small  error  (see  (15)  and  (33))  due  to  the  voltage  induced  in 
the  moving  coil  circuit  could  be  eliminated  or  made  negligible.     The  device 
was,  however,  found  to  be  needless,  owing  to  the  insignificant  amount  of 
the  error  in  question.     A  fixed  auxiliary  coil  wound  round  the  inner  pole 
(near  the  line  0^  in  fig.  5)  might  in  special  cases  prove  useful,  since  essen- 
tially it  would  serve  to  remove  from  the  circuit  of  the  moving  coil  not  only 
the  voltage  induced  by  the  electromagnet,  but  also  the  self-inductance  of  the 
moving  coil. 

*  For  the  commutator  and  voltmeter  methods  here  referred  to,  see  "The  Measure- 
ment of  Small  Differences  of  Phase,"  *Phil.  Mag.,*  January,  1906.  They  have  been  much 
used  in  connection  with  the  present  investigation  for  the  determination  <^  minute 
alternating  voltages. 


-508.]  Alternate  Current  Measurement  335 

Measurement  of  Deflecting  Torqtie. 

The  residual  magnetism  properties  of  an  electromagnet  such  as  is  indicated 
1  fig.  4  or  fig.  5  are  most  striking,  but  the  distribution  of  the  magnetism  in  the 
Ir  gap  must  be  the  same,  whatever  current  may  be  passing  through  the  field 
>il.  All  the  instruments  were  calibrated  by  direct  current  methods.  A 
«ady  current  was  passed  through  the  field  coil  and  maintained  constant, 
hile  observations  were  made  of  the  deflections  in  degrees  due  to  various 
leasured  steady  currents  through  the  moving  coil.  The  scale  marking  was 
lade  proportional  to  the  current  producing  the  corresponding  deflection. 
he  scale  so  obtained  has  been  found  in  all  cases  accurate  for  alternate 
iirrent  use,  being  directly  proportional  for  wattmeters,  and  proportional  to 
tie  square  of  the  volts  for  voltmeters.  The  air  gap  is  bounded  by  two  sets 
f  stampings,  those  of  each  set  having  circular  edges  of  the  game  radius,  so 
hat  with  good  construction  the  air  gap  can  be  made  very  approximately  of 
he  same  radial  distance  everywhere,  and  the  wattmeter  scale  almost  exactly 
equally  divided.    Tests  have  proved  this  to  be  the  case. 

For  the  purpose  of  verifying  the  formulae  given  above  for  the  torque 
r,  acting  on  the  moving  coil,  tests  were  also  made  of  the  voltage  induced 
in  this  coil  by  the  alternating  electromagnet.  For  this  purpose  the  alterna- 
ting voltage  on  the  magnet  coil  was  kept  constant,  and  the  voltage  of  the 
moving  coil  measured  for  different  values  of  the  deflection  0,  The  ratio  of 
the  latter  voltage  to  the  former  is  p.  The  relation  between  p  and  0  was 
Found  in  all  cases  to  be  very  approximately  linear.  In  the  case  of  an 
instrument  like  fig.  5,  p  increased  as  0  altered  from  Oa  to  Oc,  while,  for  an 
ustrument  like  fig.  4,  p  passed  through  zero  for  some  deflection  denoted  by 
3a.  The  relation  between  p  and  0  was  so  nearly  linear  that  it  was  found 
sufficiently  accurate  for  the  purpose  of  an  approximate  verification  of  the 
'ormulse  for  T,  to  take  as  the  value  of  dp/d0  the  alteration  in  /9  for  a  change 
n  0  of  one  radian,  or  57°*3.  The  formulae  given  are  in  absolute  units,  so  that 
ihe  unit  torque  is  one  erg  per  radian.  It  is  convenient  to  measure  the 
dectrical  quantities  in  commercial  units,  and  the  torque  in  "  gramme  centi- 
netres,"  so  that  the  formulae  for  T,  must  be  multiplied  by  10^/^,  or 
approximately  by  10,200. 

One  instrument  tested  had  a  field  coil  of  990  turns.  The  moving  coil 
3ontained  20  turns,  and  its  working  range  was  140^.  This  coil  was  fixed  at 
ieflections  of  0°,  20°,  40^  60°,  80°,  100°,  120^  and  130°,  and  the  measured 
iralues  of  p  expressed  as  percentages  were  respectively  038,  050,  0*64,  0*77, 
}'91,  1*05,  1*18,  and  1*23.  These  values  will  be  found  to  plot  very  well  on 
I  straight' line,  the  slope  of  which  corresponds  with  a  rate  of  0*39  per  cent, 
per  radian. 
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Usixig  9  for  shortness  to  denote  10,200  dfliB^  tbe  above  teste  imply  that 
cr  is  39-8.  Formnte  (28),  (29),  and  (30)  for  T.  exj^maed  ib  gnunnie-oaiti^ 
metres  beeome  respectiyely 

(i)iy|»;    (ii)irKV>;    (iii)  ir^W. 

The  strength  of  the  spring  was  first  tested  meofaanioally  by  {teeing  afiis 
rider,  weighing  about  20  milligrammes,  on  the  pointer  at  a  meamred  dirtmos 
from  the  axis,  and  carefully  adjusting  the  instrument  till  the  pmnteriai 
the  axis  were  each  horizontal,  first  with  and  then  withoutir  the  rider,  b 
this  way  the  torque  for  80^  deflection  waa  measured  aa  0-126  gr.  m^ 
corresponding  with  0*142  gr.  cm.  for  90^.  The  instrument  was  tiben  tertei 
as  a  voltmeter  widi  a  standard  condenser  of  0*6  miorcribxad  lor  tbe  numug 
coil  circuit.  A  number  of  tests  made  for  deflec^ons  near  80^  yielded  as  a 
mean  result  that  79  volts  produced  a  deflection  of  81^.  Subatitidang  in  te 
f^nmla  its 39*8;  E  s  0*6  x  lO*-*;  Ys 79,  we  get  0*124  gr. cm.  for 8ft 
or  0*138  gr.  cm.  for  90°.  A  test  on  the  instrument  aa  a  wattmeter  on  aMh^^. 
inductive  load,  measuring  the  current  and  voltage  with  hot  wire  instmmeiilv 
resulted  in  a  deflection  of  126°  for  94  volts  and  18  anqperas,  or  lor 
1692  watts,  when  the  transformer  was  such  that  M  was  aj^roximat^ 
0*306  millihenry,  and  B»  die  total  resistance  of  the  moving  coil  cirmdl^iii 
108*8  ohm.  These  numbers,  when  substituted  in  the  above  formula,  give 
0189  gr.  cm.  for  126°,  or  0135  gr.  cm.  for  90°.  Thus  the  mechanical  teste 
and  those  using  formulflB  (ii)  and  (ill)  yield  values  respectively  0*142,  0'138, 
and  0135  gr.  cm.  for  a  deflection  of  90°. 

This  instrument  was  afterwards  altered.     A  moving  coil  of    44  turns 
replaced  the  original  one  of  20  turns  and  stronger  controlling  springs  were 
used,  the  torque  for  90**  measuring  approximately  1*10  gr.  cm.     The  value  of 
0-  was  not  again  measured,  but  it  may  be  assumed  to  increase  in  proportion 
to  the  number  of  turns  on  the  moving  coil,  and  hence  may  be   taken  as 
39*8  X  44/20,  or  87*6.    Two  transformers  were  successively  used  with  this 
instrument,  the  resistance  of  the  moving  coil  circuit  being  adjusted  in  each 
case  till  the  instrument  gave  a  deflection  of  exactly  50°  for  1000  watts.     The 
values  of  M  for  the  two  transformers  were  measured  approximately  as  0'765 
and  I'OO  millihenry.    The  corresponding  resistances  for  the  moving  coil  circuit 
were  114'1  and  150*6  ohms.     On  substituting  in  formula  (iii)  above  the  two 
values  of  the  torque  for  50°  work  out  to  be  0*587  and  0*582  gi*.  cm.,  or,  for 
90°,  1*056  and  1*047  gr.  cm.    When  used  as  a  voltmeter  with  a  condenser  of 
1'43  mf.,  the  instrument  gave  a  deflection  of  95°  for  a  pressure  of  97  volts. 
On  substituting  in  formula  (ii)  these  numbers  will  be  found  to  correspond 
with  a  torque  of  112  gr.  cm.  for  90°. 
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A  test  was  also  made  using  formula  (i)  in  connection  with  an  instrument 
referred  to  in  subsequent  tests  (see  Table  II).  It  was  found  that  when 
107  volts  at  a  frequency  of  52  were  applied  to  the  fixed  coil  and  moving  coil 
in  aeries,  the  resultant  deflection  was  58°  The  value  of  a  found  for  this 
instrument  was  approximately  56,  and  the  torque  required  to  deflect  the 
spring  90°  was  1*24  gr.  cm.  The  field  coil  was  such  as  to  take 
90  milliamperes  for  a  voltage  of  200  when  the  frequency  was  50  cycles 
per  second,  hence  for  107  volts  and  52  cycles  per  second  the  value  of  C  in 
(i)  is  0-0463  ampere.  The  value  of  N  is  such  that  2  w-  x  52N  =  107,  or 
N  is  0-328.  Hence,  irCN  is  0-848  gr.  cm.  for  58°,  or  1*32  gr.  cm.  for  90°? 
This  result  would  have  been  nearer  1*24,  the  value  found  from  the  mechanical 
test,  if  allowance  had  been  made  for  the  phase  diflference  ^»  between  the 
magnetising  current  C,  and  the  resultant  flux  N.  The  angle  ^i,  judging  from 
measurements  made  on  other  instruments,  is  about  13°  and  though  large 
enough  to  be  fatal  for  a  wattmeter  having  an  electromagnet  of  the  ordinary 
series,  or  current  controlled  type,  is  not  such  as  to  make  cos  ^  diflfer  more 
than  3  or  4  per  cent,  from  imity.  , 

No  attempt  was  made  to  prove  exact  coincidence  between  the  mechanically 
and  electrically  measured  values  of  the  torque.  The  tests  in  question  really 
constituted  absolute  measurements,  and  in  order  to  carry  them  out  properly 
it  would  have  been  necessary  to  most  carefully  check  all  the  instruments,, 
and  subsidiary  measurements,  made  use  of.  This  was  not  done,  since  only  an 
approximate  verification  was  aimed  at.  Many  such  tests  were  made  on  the 
various  instruments  constructed.  The  results  above  given  are  taken  from 
the  more  concordant  tests.  The  indications  of  the  commercial  instruments- 
used  were  accepted  without  verification. 

Condenser  Compensation, 

The  most  serious  error  arising  in  the  action  of  the  wattmeter  on  circuits  of 

low  frequency  and  low  power  factor  is  that  due  to  the  resistance  of  the  field 

coiL    The  self-inductance  of  the  moving  coil  circuit  tends  to  increase  the 

effect  of  this  error,  not  to  compensate  it.    The  voltage  V  applied  to  the 

field  coil  of  resistance  r  produces  a  current  Am  which  magnetises  the  core  and 

causes  a  reactive  voltage  U  or  IST.    These   quantities  are  related  by   the 

equation 

V  =  rA«+U, 

and  in  fig.  7  are  represented  respectively  by  the  vectors  BP,  BO,  and  OP.  If 
the  number  of  turns  on  the  field  coil  is  m  the  product  mAm  can  be  represented 
to  some  other  scale  by  BA  drawn  along  BO,  and  is  the  number  of  ampere 
turns  round  the  core  needed  to  magnetise  it  to  the  extent  represented  by  the 
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leactive  voltage  U.  The  error  of  the  instnunent  ariBes  fiooi  the  phase 
di£forence  between  U  and  V,  not  from  the  fact  that  the  magnitude  of  U  is 
less  than  that  of  V.  The  ratio  between  U  and  Y  is  independent  of  the 
current  and  the  power  factor,  and  is  essentially  the  same  for  aU  voltages.  In 
all  cases  it  differs  inappreciably  from  unity,  and  any  difierence  that  exists  is 
taken  account  of  in  the  standardisation  of  the  instrument. 

For  a  given  frequency  the  relationship  between  the  total  magnetising 
ampere  turns  BA  round  the  core,  and  the  reactive  core  voltage  OP  is  qtute 
fixed  by  the  magnetic  drouit,  even  if  there  are  several  coils  round  the  core 
ftaversed  by  independent  currents.    Suppose  that  in  addition  to  the  primary 

p 


Fio.  7. 

exciting  coil  already  referred  to  there  is  a  second  winding  of  m^  turns  round 
the  core,  and  that  the  terminals  of  this  coil  are  joined  to  a  condenser.  The 
voltage  Vi  on  the  primary  necessary  to  produce  a  reactive  voltage  U  due  to 
the  core,  will  now  be  given  by 

where  Ai  is  the  new  current  in  the  primary.  Since  mAw  is  the  total  number 
of  ampere  turns  necessary  to  produce  the  core  voltage  U,  we  have 

mAi  +  mjLa  =  m  Am> 
where  A3  is  the  condenser  current.    The  current  Aa  will  necessaiily  be  in 
quadrature  with  the  core  voltage  U,  since  it  in  phase  with  'Or,  and  hence 


1908.]  Alternate  Current  Measurement.  339 

m2A2  will  be  represented  by  a  vector  BKi,  perpendicular  to  OP,  while  its 
magnitude  will  be  proportional  to  the  capacity  of  the  condenser  applied  to 
the  secondary  winding.  Since  the  vectors  BA  and  BKi  represent  respectively 
7?iAm  and  maAa,  it  follows  that  KiA  will  represent  mAi  and  that  if  OBi  be 
drawn  parallel  to  AKi  to  meet  BKi  in  Bi  this  vector  will  denote  rAi,  while 
the  vector  BiP  will  represent  Vi.  By  increasing  the  capacity  of  the  condenser 
attached  to  the  secondary  winding,  the  point  Bi  may  be  made  to  reach  the 
line  OP  at  Be  and  even  to  cross  it  to  B/,  so  that  the  phase  difference  between 
Vi  and  U  can  be  reduced  to  zero  and  can  even  be  reversed  in  sign  until  from 
an  angle  of  "  lag  "  it  becomes  an  angle  of  "  lead."  It  is  thus  possible  by  the 
use  of  a  condenser  of  the  right  capacity  to  compensate  not  only  the  phase 
•error  of  the  electromagnet,  but  also  the  extra  phase  error  due  to  the  inductance 
of  the  moving  coil  ciwuit.  The  adjustment  will  hold  for  diflferent  voltages, 
but  will  only  be  exact  for  one  frequency.  This  is  all  that  is  needed  in  most 
cases,  since  one  of  the  most  constant  properties  of  an  alternate  current  system 
of  distribution  is  its  frequency. 

In  the  case  considered  the  length  of  the  line  OP  is  from  100  to  200  times 
the  length  of  OB,  so  that  to  a  close  approximation  the  lines  BP,  BiP,  OP,  etc., 
are  all  of  equal  length.  Also  the  angle  BOP  does  not  much  exceed  a  right 
angle,  and  hence  BA  and  BK«  are  essentially  equal.  The  angle  OBBc  is  about 
13°,  while  the  angle  BPO  is  only  about  a  quarter  of  a  degree.  If  the  field 
coil  of  the  electromagnet  be  excited  at  constant  voltage  and  frequency,  the 
reactive  voltage  U  can  thus  be  regarded  as  fixed,  whatever  the  capacity  K  of 
the  condenser  applied  to  the  secondary  winding.  For  a  zero  value  of  K  the 
primary  current  will  have  a  certain  value  represented  by  BA.  For  a 
particular  value  Kc  of  the  capacity,  the  primary  current  will  be  a  minimum 
represented  by  AKc,  the  line  BK^  representing  to  some  other  scale  the 
capacity  Kg.  For  any  other  capacity  Ki,  represented  by  BKi,  the  corre- 
sponding primary  current  will  be  represented  by  AKi.  Thus,  if  the  magnet 
be  excited  at  constant  voltage  and  frequency,  and  measurements  of  the 
primary  current  be  taken  for  various  values  of  K,  the  curve  obtained  by 
plotting  the  primary  current  or  ampere  turns  as  ordinates,  and  the  corre- 
sponding values  of  K  as  abscissae,  will  be  catenary-shaped  with  a  minimum 
ordinate  for  the  capacity  Kc  needed  to  compensate  the  phase  error  of  the 
magnet.  Such  curves  are  well  known  in  connection  with  alternate  current 
measurements.  When  suitable  scales  are  chosen  the  curve  must  also  be  such 
that  the  ordinate  is  equal  to  AKi  when  the  abscissa  is  equal  to  BKi  in  fig.  7. 
The  value  of  Kc  obtained  will  be  inversely  proportional  to  the  square  of  the 
current  frequency  used,  since  the  ampere  turns  BA  needed  to  produce  a  given 
reactive  voltage  XJ  will  vary  inversely  as  the  frequency,  while  the  ampere 
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turns  BKi  due  to  a  capacitjr  Ki  will  be  directly  propartional  to  the  frequency. 
Fcnr  a  dmilar  reason  the  capacity  needed  will  be  Imveraely  proportional  t* 
tind  square  d  the  number  of  turns  used  on  the  secondary  winding.     All  thi 
points  have  been  fully  verified  by  actual  tests. 

The  results  given  below  in  Table  I  and  fig.  9  are  taken  from  a  set  of  t^l 
made  on  an  electromagoet  pi-ovided  with  a  moving  coil,  and  connected  up 
a  voltmeter  of  the  magnetostatic  type  previously  described.    The 
timis  of  tiie  coils  are  shown  diagrammaticaJly  in  %.  ^.       The  Held 


consisted  of  two  coils  of  500  tnms  each,  the  two  ceils  bebg  twm  wonti 
round  the  core  so  as  to  ensure  that  each  coil  enclosed  the  same  flax*    The 
coils  were  permanently  connected  in  series.      The  moving   ooil,  m.c,,  wa 
connected  to  the  terminals  of  one  of  the  windings  of  500  turns  through  ^^ 
condenser  k  of  0*5  microfarad  capacity.     The  core  of  the  magnet  was  woiin*i 
with  an  extra  coil  of  50  turns.     The  pointer  was  found  to  deflect  to  a  certttitB 
mark  on  the  scale  when  80  volts  w^ere  applied  to  lOQO  turns  (or  40  volts  tc^ 
500   turns).     The  deflection    for   a  given   voltage  was  the  same  for  am/ 
ordinary  frequency  of  the  voltage   used  for  the  test.     This  deflection  wa* 
utilised  in  the  tests  to  adjust  the  reactive  voltage  of  the  core  to  a  constant 
value.     Experiments  were  then  made  by  passing  an  alternating  current  of 
A  amperes   thrctut;]i   the   50-tum  coih      The  currant   frequency  was  kept 
constant  at  80  cycler^  per  second,  and  A  was  adjusted  by  means  of  suitable 
resistances  until  the  pointer  was  steady  at  the  mark  on  the  scale,  the  cnn^ent 
being  read  by  a  hot  wire  ammeter.     The  values  found  for  A  for  different 
capacities  of  K  microfarads  applied  to  the  field  coil  of  1000  turns  are  given 
in  the  first  two  columns  of  Table  I.    A  third  column  gives  the  corresponding 
values  of  50 A  or  the  ampere  turns  associated  with  the  50- turn  coil.     The 
value  of  K  was  known  with  fair  accuracy,  and  was  due  to  various  parallel 
combinations  of  condensers  which   had  been    tested  by  ballistic   methods 
some  months  previously.     The  half  microfarad  condense  used  with   the 
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^— turn  coil  for  the  moving  coil  circuit  caused  a  small  magnetising  current 
ind  the  field  windings.  The  values  given  for  K  represent  the  capacities 
ixally  connected  with  the  1000- turn  coil,  and  these  should  be  each 
ETcased  by  0*5/4  or  0125  microfarad  to  get  numbers  proportional  to  the 
E>ere  turns  due  to  the  condenser  currents. 

Table  I. 
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The  results  are  shown  plotted  in  fig.  9.  When  the  current  A  has  it& 
minimum  value,  reference  to  fig.  7  will  show  that  A  is  in  phase  with  the 
reactive  voltage.  Hence  the  power  wasted  in  the  core  may  be  obtained  by 
multiplying  the  minimum  number  of  ampere  turns,  35,  by  0080  the  voltage 
per  turn  round  the  core.  This  power  works  out  to  be  2*8  watts  for  80-cycle 
circuits  for  the  induction  density  corresponding  with  this  frequency  and 
0080  volt  per  turn.  The  loss  thus  obtained  agrees  closely  with  other 
measurements  which  have  been  made  upon  the  core  losses  of  the  electro- 
magnet in  question. 

A  more  convenient  method  of  testing  one  of  these  instruments  for  the 
capacity  Ke  needed  for  compensation  is  (see  fig.  10)  simply  to  put  the  field 
coil  f.c.  in  series  with  the  moving  coil  vi,c.  and  to  apply  various  condensers 
K  to  the  terminals  of  the  field  coil  only,  when  a  constant  voltage  V  is. 
applied  to  the  two  coils  in  series,  the  frequency  being  kept  constant.  The 
impedance  of  the  moving  coil  is  quite  negligible  compared  with  that  of  the 
field  coil.  Hence  for  constant  voltage  and  frequency  the  reactive  voltage  TT 
(fig.  7)  is  constant.     The  magnetic  field,  which  is  in  quadrature  with  U,. 

y.c. 
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Fig.  10. 
is  represented  by  a  vector  drawn  along  the  line  BK  and  is  fixed  both  in 
phase  and  magnitude.  The  vector  BA  represents  the  field  coil  current,, 
which  in  this  case  includes  the  condenser  current,  but  the  moving  coil  current 
is  represented  by  AK,  for  a  capacity  K,  applied  to  the  field  coil.  Since  the 
magnet  field  is  represented  by  a  vector  of  constant  length  drawn  along 
BK,  the  torque  acting  on  the  moving  coil  will  be  represented  by  the 
projection  of  AKi  on  BKc  or  l)y  KiKc.  It  will  thus  reverse  in  sign  as  the 
capacity  increases  through  K^,  the  value  needed  for  compensation,  and, 
moreover,  there  will  be  a  linear  connection  between  the  capacity  used  and 
the  moving  coil  torque  as  indicated  by  the  detiection  on  the  calibrated 
wattmeter  scale. 

The  results  given  in  Table  II,  and  shown  plotted  in  fig.  11,  illustrate  one 
of  many  tests  made  on  a  number  of  instruments  by  this  method. 
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-23-8 

-48  0 

-68  0 

The  voltage  was  kept  constant  at  107  volts  and  the  frequency  was  always 
adjusted  approximately  to  52  cycles  per  second,  by  means  of  a  resonance 
frequency  meter.  K  is  the  capacity  in  microfarads  shunted  to  the  field 
magnet  coil,  and   0  is  the   deflection   of    the  instrument.     The   negative 
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Fig.  11. 

readings  were  obtained  by  reversing  the  connections  of  the  moving  coil. 
The  instrument  was  the  same  as  that  referred  to  later  in  the  tests  on 
compensated  wattmeters,  the  field  winding  consisting  of  four  coils  in  parallel, 
each  coil  containing  2000  turns.  From  the  plotted  results  it  appears 
that  Ke  is  1*37  microfarads  for  a  frequency  of  52,  corresponding  with 
1-37  X  (52)2/(50)^,  1-48  microfarads  for  circuits  of  frequency  50.  The 
ampere  turns  due  to  the  condenser  winding  if  the  frequency  is  50,  the  voltage 
is  200,  and  K  =  1-48  mf.  will  be  2000x1-48  x  10-^x314  x  200  =  186. 
This  is  approximately  the  value  of  mA,„  for  this  frequency  and  voltage,  since 
tests  showed  that  for  200  volts  at  50  cycles  per  second  the  value  of  Ai  was 
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90  milliamperes,  corresponding  with  180  ampere  turns.  The  agreemeDt  ii 
satisfactory  in  view  of  the  fact  that  the  frequency  was  not  ^justed  with  laj 
special  care. 

CompmscUed  WaUmeUrs. 
The  foregoing  theory  shows  that  a  wattmeter  of  tbe  type  here  considefed, 
if  correctly  calibrated  on  non-inductive  loads,  will,  when  ueed  on  iaductiva 
loads,  of  power  &ctor  cos  ^,  give  a  reading  denoting 

W[l-^tan^l 

where  W  is  the  true  power  in  watts,  and  ^«  is  the  phase  error  of  tb 
instrument  given  by  (36).  The  wattmeter  reads  low  for  lagging  euii^tz^ 
and  high  for  leading  currents  in  direct  contrast  to  the  behaviotir  of  a  watt* 
meter  of  the  ordinary  dynamometer  type. 

When  an  additional  coil  is  wound  round  the  core  and  coimected  to  dba 
terminals  of  a  condenser,  the  value  of  ^«  is  given  by  the  formuk 

where  ^e  is  the  phase  angle  corresponding  witih  the  eoD6fen9er%?iii3S|  am 
which  is  proportional  to  the  capacity  of  the  conilenser  attached  to  ttiis 
winding.  The  ratio  of  ^  to  ^  will  approximately  he  tliat  of  the  am^iere 
turns  due  to  the  condenser  to  the  ampere  turns  needed  to  magnetise 
the  core. 

By  using  a  suitable  condenser  it  is  possible  to  reduce  <^^  to  zero  and  even 
to  reverse  its  sign,  that  is  to  make  the  wattmeter  read  high  for  lagging 
currents  and  low  for  leading  currents,  like  an  ordinary  djTiamometer  watt- 
meter.    This  has  been  experimentally  verified  on  several  wattmeters  the 
electromagnets  of  which  differed  greatly  in  shape.      The  following  results 
were  obtained  on  a   wattmeter  having  an  electromagnet  shaped  like  that 
represented  in  fig.   5.      This   instrument  had  been  wound  for  use  as  a 
multirange  voltmeter.     The   magnet  was  wound  with  four  coils  each  of 
2000  turns.    Two  of  these  coils  were  wound  on  each  limb,  one  coil  being 
completely  wound   on   the   bobbin   before   the  winding  of   the  other  was 
commenced.     The  resistances  of  the  four  coils  are   74*5,  93*0,  71*5,  and 
90*4  ohms,  the  two  lower  resistances  corresponding  with  the  inner  coils,  and 
the  others  with  the  outer  coils.    With  all  four  coils  in  parallel  it  was  found 
that  200   volts  produced  a   current  of   0090   ampere  when   the   current 
frequency  was  50,  so  that  180  ampere  turns  were  needed  to  produce  a  flux 
density  in  the  core  corresponding  with  10  turns  per  volt  at  50  cycles  per 
second,  and^it  follows  that  the  impedance  of  the  winding  is  2222  ohms  at 
this  frequency.     The  parallel  resistance  of  all  four  coils  is  20*3  ohms.     The 
two  inner  coils  when  in  parallel  measure  36*5  ohms  and  the  two  outer  coils 
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in  parallel  measure  45*9  ohms.  Hence  the  value  of  (f>M,  or  the  ratio  of 
resistance  to  impedance,  is  as  given  in  Table  III  for  different  combinations 
of  coils  and  for  frequencies  of  50  and  80. 


Table  III.— Values  of  <^«. 


Frequency. 

60. 

80. 

AH  coils  in  pam-llel ..,,.,....., 

Percent. 
0-92 
1-66 
2-07 

Percent. 
0-57 
1-08 
1-29 

Inner    ..                  ,-t ,,.. 

Outer    ..          .. 

The  above  values  are  higher  than  those  obtained  in  other  instruments  of  the 
same  type,  the  reason  being  that  the  winding  consisted  of  a  large  number  of 
turns  of  thin  wire  insulated  for  high  potential  working,  so  that  the  space- 
occupied  by  the  insulation  was  unusually  large  compared  with  the  space 
occupied  by  the  copper. 

The  moving  coil  was  connected  up  in  series  with  the  secondary  of  a 
current  transformer,  and  a  non-inductive  resistance,  the  total  resistance  of 
the  circuit  being  118  ohms.  The  transformer  had  a  primary  and  secondary 
coil,  each  of  94  turns,  the  former  being  suitable  for  current  up  to  10  or 
15  amperes,  and  the  latter  consisting  of  fine  wire.  The  reactance  Ip  of  the 
secondary  was  0*24  ohm  at  50  cycles  per  second.  The  mutual  inductance  of 
the  coils  was  0*765  millihenry.  The  value  of  ^,  due  to  the  reactance  of  the 
secondary  was  0*24/118,  or  0*203  per  cent,  at  50  frequency,  corresponding 
with  0*325  per  cent,  at  80  frequency.  The  transformer  actually  used 
contained  iron  (and  an  air  gap)  in  its  magnetic  circuit,  so  that  the  value  of 
^  must  be  allowed  for.  Measurements*  showed  that  its  value  varied  from 
0*3  to  0*4  per  cent,  in  accordance  with  the  currents  used. 

If  for  the  moment  the  self-inductance  of  the  moving  coil  itself  be 
neglected  it  will  be  seen  that  for  a  frequency  of  80,  and  using  all  four  coils 

*  Owing  to  the  length  of  the  present  paper,  no  reference  is  made  to  the  conditions  for 
aocoiacj  of  a  quadrature  transformer  containing  iron  in  its  core,  but  the  tests  made  in 
this  connection  have  been  most  numerous.  To  measure  <l>i  an  air  core  transformer  was. 
diosen,  the  coils  of  which  had  about  the  same  mutual  inductance  as  those  of  the  iron  core 
transformer  to  be  tested  ;  an  alternating  current  was  passed  through  the  two  primaries- 
in  seriefly  and  measurements  were  made  of  the  phase  difference  of  the  two  secondary 
voltages.  This  was  done  by  means  of  the  voltmeter  methods  already  referred  to,  taking 
due  care  to  allow  for  the  phase  differences  introduced  by  the  self-inductanoe  of  the 
secondary  coila  The  testing  networks  used  were  essentially  either  Felici  or  Christie 
balanceB,  and  in  some  cases  the  phase  difference  measured  was  increased,  and  in  others 
diminiahedi  by  the  self -inductance  of  the  secondaries. 
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in  parallel  for  the  field  coil,  the  values  of  ^,„,  ^„  and  <f>i  are  respectively 
0*57, 0*32,  and  0*35  per  cent.  The  sum  of  these  numbers  is  1*24  per  cent. 
If  the  field  coil  consists  only  of  the  two  outer  coils  in  parallel,  this  number, 
owing  to  the  increase  of  <tm,  becomes  1*96  per  cent.  Tests  of  the  uncom- 
pensated wattmeter  on  circuits  of  frequency  80  and  for  loads  of  power  factor 
cos  <f>,  have  shown  percentage  errors  given  by  the  formula 

^c  tan^ 

for  values  of  ^e  in  close  agreement  with  the  above  numbers. 

An  approximate  value  of  the  reactance  of  the  moving  coil  can  be  obtained 
from  the  impedance  of  the  2000  turns  of  the  field  winding.  This,  for  a  fre- 
quency of  50,  is  2222  ohms.  The  moving  coil  consisted  of  40  turns.  If  the 
field  coil  contained  only  40  turns,  the  impedance  would  be  2222  x  (40)»/(2000)*, 
or  0*89  ohm.  The  moving  coil,  when  in  the  central  part  of  the  gap,  will  have 
its  reactance  a  maximum,  and  approximately  equal  to  a  quarter  of  the  above 
value.  It  will  thus  be  0*22  ohm  for  a  frequency  of  50,  or  0*35  ohm  for  a 
frequency  of  80.  Since  the  resistance  of  the  moving-coil  circuit  is  118  ohms, 
the  phase  error  due  to  the  coil's  reiictance  will  be  03  per  cent,  for  80  cycle 
circuits,  and  this  will  be  its  maximum  value.  As  already  stated,  the  total 
phase  error  ^,  is  the  vector  sum,  and  is  less  than  the  numerical  sum,  of  the 
different  phase  errors.  I  have  generally  found  that  the  value  of  ^„  experi- 
mentally deduced  from  tests  of  the  wattmeter  on  inductive  loads,  agrees  well 
with  that  calculated  from  adding  the  separate  phase  errors,  when  that  due 
to  the  reactance  of  the  moving  coil  is  neglected. 

In  order  to  test  the  iron-cored  instrument  (I.C.W.)  as  a  compensated 
wattmeter,  the  outer  coils  were  put  in  parallel,  and  used  as  the  field  winding, 
to  which  the  voltage  was  applied,  while  the  inner  coils,  also  in  parallel,  were 
applied  to  the  terminals  of  a  condenser.  The  tests  were  made,  using  as  a 
standard  wattmeter  a  Mather  Duddell  instrument  (M.D.W.),  constructed  by 
Messrs.  Paul.  In  order  that  the  tests  on  lagging  current  loads  coidd  be 
immediately  succeeded  by  tests  on  leading  current  loads,  and  vi^e  versd,  the 
circuits  were  arranged  as  shown  in  fig.  12. 

Two  similar  single-phase  alternators,  rigidly  coupled  so  as  to  run  together, 
generated  two  voltages  Vi  and  Va  of  the  same  frequency  and  approximately 
in  quadrature.  The  magnitudes  of  Vi  and  V2  could  be  varied  independently 
by  adjusting  the  exciting  currents  of  the  two  machines.  The  current  A  was 
produced  by  the  voltage  Vi,  and  passed  through  (i)  the  primary  P  of  the 
current  transformer  of  the  I.C.W. ;  (ii)  the  current  coils  C  of  the  M.D.W. ; 
(iii)  a  large  non-inductive  resistance  E  consisting  of  glow  lamps ;  and  (iv)  a 
small  adjustable  carbon  resistance  CE.     This  current  was  approximately  in 
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phase  with  the  voltage  Vi,  but  there  was  a  slight  angle  of  lag  owing  to  the 
inductance  of  the  coils  in  the  circuit.    The  voltage  V  for  the  pressure  coils 
of  the  two  wattmeters  was  obtained  from  the  mains  M,  N,  which  were  con- 
nected up  to  the  two  alternators  with  the  aid  of  a  reversing  switch,  E.S.,  so 
arranged  that,  for  one  position  of  the  switch,  V  =  Vi+Vo,  and  for  the  other 
position,  V  =  Vi— Va.    The  vector  figure   is  indicated  in   fig.   13.    The 
current  A  was  in  each  case  approximately  45°  out  of  phase  with  the  voltage. 
V,  leading  for  one  position  of  the  switch  (V  =  Vi— Va)  and  lagging  for  the 
other  position  (V  =  Vi+ Va).     Its  magnitude  in  the  various  tests  varied 
from  7  to  9  amperes,  being  in  all  cases  adjusted  by  the  carbon  resistance  CB 
^11  the  M.D.W.  was  balanced.     The  voltage  V  for  one  position  of  the  switch 
"was  about  230  volts,  and  for  the  other  about  200  volts.    The  frequency  was 
in  all  cases  adjusted  to  80  cycles  per  second.     The  pressure  circuit  of  the 
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Fig.  12. 


Fio.  13. 


M.D.W.  contained  a  non-inductive  resistance  of  9000  ohms,  which  was  amply 

8ufl5cient  to  make  this  circuit  essentially  non-inductive  for  a  frequency  of  80. 

One  terminal  of  this  resistance  was  connected  to  the  main  M,  so  that  the 

pressure  coil  of  the  M.D.W.  had  one  of  its  ends  joined  directly  to  the  main 

N,  and  was  thus  at  essentially  the  same  potential  as  the  current  coil  C.    This 

precaution  was  found  necessary  to  make  negligible  any  electrostatic  forces 

acting  on  the  moving  system  of  the  M.D.W.,  this  moving  system  being  large 

and  delicately  suspended.    The  constant  of  the  M.D.W.  had  been  carefully 

determined  on  a  non-inductive  load,  using  the  same  hot  wire  instruments  to 

measure  the  pressure  and  current  as  were  afterwards  employed  to  measure 

fh^  same  quantities  for  the  inductive  tests.     The  power  factor  cos  <f>  of  the 

load  was  determined  in  each  case  from  the  readings  of  the  volts,  amperes, 

and  of  the  watts,  as  indicated  by  the  hot  wu*e  instruments  and  the  M.D.W. 

$*rom  the  power  factor  cos^  the  value  of  tancfr  was  deduced,  this  value 

2  B  2 
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being  considered  positive  for  lagging  currents  (V  =  Vi+ Va)  and  n^ative 
for  leading  ones  (V  =  Vi— Va). 

In  Table  IV,  below,  the  first  column  shows  the  capacity  in  microfarads, 
joined  up  to  the  two  parallel  connected  inner  coils  wound  round  the 
electromagnet  core.  The  reduced  readings  of  the  MJ).W.  for  a  deflection 
of  exactly  40°  on  the  LC.W.  are  next  given,  arranged  in  three  columns, 
in  order  to  separate  the  i-esults  obtained  with  the  three  kinds  of  load 
corresponding  with  the  voltage  used  The  last  two  colunms  show  the  value 
of  the  power  factor  as  deduced  from  the  readings  of  voltmeter,  ammeter,  and 
wattmeter,  and  the  corresponding  value  of  tan  <f>. 


Table  IV. 

B«adiiigB  of  M.D.W. 

0.^ 

ooef. 

Un  f. 

. 

V-V,  +  V^        V  =  Vi.      j  v  =  v,-v^ 

0 

_ 

63-0 

0*852 

-0-613 

—                      63-4 

— 

1-000 

0 

64-6 

— 

0-756 

0-869 

—                         — 

62-9 

0-796 

-0-758 

65-0                       — 

■""" 

0-799 

0-753 

—                         — 

62*4 

0-^96 

-0-758 

64-6                       — 

— ~ 

0-799 

0-753 

2-0 

62-0           1             —                          — 

0  748 

0-884 

—                        63-4                       — 

0-994 

0  100         ^ 

62-5                       —             1             — 

0-755 

0-815 

-             ,             -                        64-8 

0-823 

—0-688 

62-7                       -                         - 

0-748 

0-884         ' 

—                 —               ei'S 

0-823 

-0-688 

0-9 

i 

68-6                       —                         — 

0-748 

0-884 

—                       63-6                       — 

1-000 

0-000         j 

1 

—             1            —                       63*6 

0-822 

-0-688 

The  results  show  that  (i)  the  uncompensated  instrument  (K  =  0)  is  more 
sensitive  for  leading  currents  than  for  lagging  ones ;  (ii)  when  a  capacity 
of  2  microfarads  is  used  the  reverse  is  the  case;  and  that  (iii)  when  a 
capacity  of  0*9  microfarad  is  used,  the  instrument  is  perfectly  compensated 
for  circuits  of  frequency  80.  It  was  easy  to  test  the  effect  on  the  reading 
due  to  suddenly  switching  on  the  condenser  K,  and  there  was  no  doubt 
that  for  lagging  currents  switching  on  the  condenser  caused  an  increase  of 
the  deflection  of  the  I.C.W.,  while  for  leading  currents  the  reverse  eflFect 
took  place.  AMien  the  load  was  essentially  non-inductive  no  effect  due  ta 
switching  on  a  condenser  could  be  observed.     This  is  only  natural,  since 
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when  ^  =  0  the  error  ^e  tan  4>  vanishes,  whatever  the  value  of  ^^  But 
though  the  nature  of  the  effect  due  to  the  condenser  current  could  thus  be 
easily  demonstrated,  it  needed  a  set  of  tests  such  as  those  indicated  in 
Table  IV  to  actually  measure  its  amount.  The  numbers  given  are  in  each 
case  the  means  of  several  observations,  and  only  a  few  of  the  tests  taken 
are  given.  This  more  especially  applies  to  the  observation  with  K  =  0*9 
microfarad.  These  were  repeated  many  times,  with  the  result  that  it  was 
impossible  to  say  under  the  actual  conditions  of  test  whether  the  I.C.W. 
was  more,  or  was  less,  sensitive  with  load  currents  lagging  than  with  load 
currents  leading.  It  now  only  remains  to  show  that  the  differences  actually 
observed  are  in  accordance  with  the  error  formula. 
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The  results  given  in  Table  IV  are  plotted  in  fig.  14,  abscissae  representing 
values  of  tan  (f>  and  ordinates  the  corresponding  wattmeter  readings  for  the 
standard  deflection  of  the  I.C.W.  These  results  are  found  to  plot  fairly 
closely  on  three  straight  lines,  each  having  the  ordinate  63*6  for  the  zero 
value  of  tan  (f>.  The  resultant  phase  errors  calculated  from  the  slopes  of 
the  lines  in  fig.  15  will  be  found  to  be  2*05,  2*68,  and  0  per  cent,  for  values 
of  K  respectively,  equal  to  0,  2,  and  09  microfarads.  Owing  to  the 
nature  of  the  error  formula  ^etan^,  the  mean  value  of  <f>t  can  be  best 
obtained  numerically  by  taking  the  mean  wattmeter  reading  and  the  corre- 
Bponding  mean  value  of  tan^  for  each  set  of  tests,  and  combining  the 
results  as  indicated  in  Table  V. 

R  denotes  the  ratio  of  the  difference  between  the  wattmeter  readings  to  the 
<K)rre8ponding  difference  between  the  tangents,  while  the  ratio  of  B  to  63*6  is 
^^  the  phase  error. 

Now,  as  already  shown,  the  calculated  values  of  (f>fn,  (f>t,  and  ^  add  up  to 
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Table  V. 


K. 

Wattmeter 
readings. 

1 

tan 

1^. 

Differences  in — 

Lag. 

Lead. 

Lag. 

Lead. 

Beading. 

tan^. 

0 

2-0 

0-9 

64-78 
62-40 
68-60 

62-77 
64-80 
68-60 

0-784 
0-760 
0-884 

0-710 
0-688 
0-688 

1-96 
-2-40 
0 

1-494 
1-488 
1-572 

(ratio). 


(per  cent.) 


+  1-31 

-1-67 

0 

+  2-06 
-2-62 
0 

1*96  per  cent,  disregarding  the  self-inductance  of  the  moving  coil,  which  will 
increase  the  number  by  an  amount  less  than  0*3  per  cent.  This  figure  agrees 
closely  with  the  phase  error  of  2-06  per  cent,  as  actually  measured  for  K  =  0. 
The  value  of  ^  or  the  shift  in  the  value  of  ^^,  caused  by  applying  condensers 
of  0*9  and  2  microfarads  to  the  secondary  winding,  will  be  seen  from  the 
tests  to  be  2*06  per  cent  and  4*68  per  cent,  respectively.  These  numbers  can 
readily  be  compared  with  the  values  calculable  from  the  capacities.  The 
value  of  ^  alone,  as  shown  by  Table  III,  is  1*29  per  cent  for  an  exciting 
winding  consisting  of  the  two  outer  coils  in  parallel  and  for  the  frequency  of 
80.  Also,  it  was  found  that  180  ampere  turns  round  the  field  winding 
produceil  a  magnetic  flux  corresponding  with  0*1  volt  per  turn  at  a  frequency  of 
50,  and,  therefore,  with  016  volt  per  turn  at  a  frequency  of  80.  The  alterna- 
tion of  such  a  flux  would  induce  in  2000  turns  a  pressure  of  320  volts  at  the 
latter  frei|uency.  Assuming  the  wave  form  of  the  voltage  approximately 
sinuous,  as  was  the  case  in  the  actual  tests,  a  condenser  of  1  microfarad 
applies!  to  the  2000  turns  under  the  conditions  assumed  would  take  a  current 
of  2ir  X  80  X  10~*  X  320  ampere,  or  0161  ampere,  corresponding  with  332 
ampeiv  turns  for  the  coil  of  2000  turns.  The  value  of  <f>e  for  a  condenser  of 
1  microfarad  is,  therefore,  very  appnwimately  given  l»y 


180 


129  i^r  cent  =  2*32  per  cent^ 


Hence,  condensers  of  0*9  and  2  microfarads  would,  at  the  frequency  of  80 
assumeil,  pnxiuce  values  oi  ^^  resj^ectively  equal  \o  2-09  per  cenL  and  4*t>4 
per  cent.,  which  are  essentially  the  same  as  the  values  actually  found.  The 
testing  conditions  were  such  that  I  lie  closeness  of  the  agreement  is  of  no 
special  significance,  but  it  will  l»e  apparent  that  within  the  limits  of  exjieri- 
mental  enxM  the  action  of  the  wattmet-er  corresponds  exactly  with  the  formula 
given  for  it- 
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ConcltLsion. 

The  foregoing  tests  were  all  made  with  alternate  currents  of  the  low 
frequencies  usual  in  commerce,  on  instruments  of  the  non-reflecting  type,  each 
having  a  moving  system  subject  to  the  control  of  a  strong  spring.  Few  tests 
have  yet  been  made  on  reflecting  instruments  in  which  a  weak  control  is  used 
for  the  moving  coil.  Under  such  conditions  much  greater  sensitiveness  can 
naturally  be  secured,  but,  owing  to  causes  already  mentioned,  the  sensitive- 
ness reached  will  not  even  then  be  comparable  with  that  obtainable  with 
the  best  direct  current  galvanometers.  To  measure  very  minute  alternate 
currents  or  voltages  it  must  ultimately  prove  necessary  to  use  instruments  of 
the  heterostatic  type.  For  such  purposes  the  shunt-excited  electromagnet 
seems  specially  suited,  and  additional  interest  in  consequence  attaches  to 
the  foregoing  examination  of  the  behaviour  of  voltage-controlled  magnetic 
fields. 

The  precision  of  direct  current  measurements  is  mainly  due  to  the  use  of 
null  methods.  Analogous  methods  have  been  suggested,  or  can  easily  be 
devised,  for  alternate  current  testing.  But  such  methods  are  not  used. 
The  advantage  of  a  null  method  arises  from  the  possibility  of  fully  utilising 
the  sensitiveness  of  an  instrument  for  the  purpose  of  measuring  or  indicating 
a  small  difference  between  two  nearly  equal  quantities.  It  follows  that 
when,  as  with  alternate  currents,  instruments  sufficiently  sensitive  to 
indicate  such  a  difference  do  not  exist,  null  methods  are  really  of  little 
value.  In  fact,  when  the  testing  voltmeter  is  such  that  the  deflection 
depends  on  the  square  of  the  voltage,  a  direct  deflection  method  is  more 
sensitive  than  a  balance  method,  assuming  the  voltage  tested  is  not  large 
enough  to  over-deflect  the  instrument.  By  making  use  of  the  properties  of 
separately  excited  voltage-controlled  fields  it  seems  possible  to  construct 
voltmeters  for  alternate  current  working  which  are  quite  as  sensitive  as  the 
corresponding  direct  current  instruments,  and  which  are  also  such  that  the 
deflecting  forces  are  proportional  to  the  first  power  of  the  voltage  tested. 
The  special  difficulties  due  to  phase  can  be  readily  overcome,  since  it  is  easy 
to  apply  in  succession  to  the  field  coil  two  voltages  of  known  relative 
magnitude  and  phase.  For  the  purpose  of  null  methods  the  magnitudes  of 
these  voltages  need  only  be  very  roughly  determined. 

The  instruments  yet  made  have  been  suitable  only  for  low-frequency 
circuits.  For  high-frequency  working  special  difficulties  will  arise,  while 
others  will  disappear.  For  low  frequencies  the  chief  difficulty  is  to  make 
negligible  the  phase  error  ^m,  represented  approximately  by  the  ratio  of 
resistance    to    impedance.      For    high    frequencies  ^m   will  become  quite 
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negligible,  but  on  the  other  hand  ^^  the  phase  error  due  to  the  inductanoe 
of  the  moving  coil  circuit,  will  become  serious,  as  also  poesiblj  will  eddy 
current  effects  in  the  core  of  the  electromagnet  Eddj  currents  in  the  core 
only  affect  the  accuracy  of  the  magnet  in  so  far  as  they  affect  the  value  of 
^,  provided  the  core  is  so  well  laminated  that  the  distribution  of  the 
magnetic  field  is  the  same  for  direct  as  for  alternate  currenta  With  very 
high  frequency  currents  the  value  of  ^  will  be  negligible,  and,  possibly,  in 
some  cases,  there  will  be  no  need  to  use  iron  in  the  core,  so  that  eddy 
currents  will  not  occur.  The  increase  of  the  inductance  phase  error  ^  for 
high  frequencies  is  more  serious,  but  on  the  other  hand  it  is  possible  to 
compensate  it,  not  only  for  one  but  for  all  frequencies,  by  means  of  the 
condenser  winding.  It  can  readily  be  shown  that  while  ^  varies  inversely 
as  the  frequency,  the  ratio  of  ^  to  ^  varies  directly  as  the  square  of  the 
frequency,  so  that  ^  is  directly  proportional  to  the  frequency  like  ^ 
Hence,  it  should  prove  possible  by  using  a  suitable  condenser  in  conjunction 
with  a  special  winding  to  neutralise  the  phase  error  of  the  instrument  for  all 
frequencicB  for  which  ^  is  negligible. 
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The  Decomposition  of  Ozone  by  HeaU 

By  Edgar  Philip  Pkrman,  Assistant  Professor  of  Chemistry,  University 
College,  Cardiff,  and  Richard  Henry  Greaves, 

(Communicated  by  E.  H.  Griffiths,  F.R.S.     Received  December  24,  1907,— 
Read  February  13,  1908.) 

Much  doubt  has  recently  existed  as  to  the  interpretation  which  may  be  put 
upon  measurements  of  the  velocity  of  chemical  change  in  gas  reactions. 
Van't  Hoff  deduced  the  "  order  of  the  reaction  "  in  certain  cases  from  con- 
siderations of  the  law  of  mass  action.  Bone  and  Wheeler*  have  shown  that 
the  combination  of  hydrogen  and  oxygen  at  temperatures  below  that  necessary 
to  explode  the  mixture  takes  place  mostly  (if  not  entirely)  at  the  surfaces  with 
which  the  gases  are  in  contact,  and  that  no  conclusion  as  to  the  order  of  the 
reaction  can  be  drawn  from  pressure  measurements. 

Ozone  was  chosen  for  further  work  on  the  subject,  as  it  affords  one  of  the 
simplest  possible  cases.  The  decomposition  by  heat  furnishes  only  one 
substance,  and  the  reaction  is  irreversible  (at  least  for  all  practical  purposes). 

Production  of  the  Ozone. — The  ozone  was  made  by  means  of  the  usual 
Siemens'  induction  tube.  Oxygen  was  obtained  by  heating  potassium  chlorate, 
and  was  stored  over  caustic  potash  solution.  The  ozonised  oxygen  was 
collected  over  sulphuric  acid  in  a  small  gas-holder,  consisting  of  two  glass 
bulbs,  each  of  about  350  c.c.  capacity,  and  connected  below  by  a  U-tube.  One 
of  the  bulbs  was  connected  above  with  a  three-way  stop-cock,  while  the  other 
bulb  was  open  to  the  air  through  a  calcium  chloride  tube. 

The  ozone  was  admitted  from  the  induction  tube  to  the  gas-holder  through 
one  limb  of  the  three-way  stop-cock  by  means  of  aground-glass  joint.  It  was 
transferred  by  another  ground-glass  joint  to  the  decomposition  globe  through 
the  other  limb  of  the  stop-cock. 

Apparatus  for  heating  the  Ozone, — The  ozone  was  heated  in  a  globe  A,  of 
about  350  c.c.  capacity,  by  means  of  a  bath  of  calcium  chloride  solution. 
The  globe  A  was  connected  with  the  gauge  C,  and  a  similar  globe  B  was 
connected  with  the  gauge  on  the  other  side.  The  ozone  was  admitted  through 
the  groimd-glass  joint  made  at  D,  and  the  stop-cock  E. 

The  large  globe  F  and  the  pressure  gauge  G  were  used  only  for  experiments 
under  less  than  atmospheric  pressure.     H,  K,  L,  and  M  represent  two-way 

♦  '  Phil.  Trans.,'  A,  vol.  206,  p.  1. 
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diagonal  stop-cocks,  and  N  was  a  small  ordinary  stop-cock  through  whkh 
snlphoric  aoid  was  admitted  to  the  gauge.  The  bath  was  heated  bj  an  Ostwald 
bonier ;  it  was  Hkturoaf^j  stkzed,  and  tiie  temperatitre  mamtainad  emmai 
to  0^-1. 

Mdhod  of  eondtt>ding  anEoeperimmt — Tim  ai^aratus  being  in  po8ttlo&(as  in 
diagram)  and  the  temperature  steady,  the  globe  A  was  exhausted  by  meana 
of  a  Heass  pump,  the  globe  B  being  lelt  open  to  the  air.  Ozonised  oxygen 
was  then  traasferred  from  the  gas-holder  to  the  globe  A*  Great  care  wu 
taken  to  prevent  any  moist  air  from  entering.  The  pressure  was  regiiiat6i 
so  tb^  A  was  filled  at  a  pressure  slightly  greater  than  atmospheric.  Thfl 
exceap  was  allowed  to  escape  through  D,  the  globe  A  was  coimected  with  tbe 
gauge,  aQ4  readings  of  the  pressure  were  t^en  at  suitable  intervals.  In  order 
to  JB|id  tbo.  total  amount  of  ozone  present,  the  two  globes  and  gauge  mi^ 
riaimoYed  ^rom  the  bath,  and  the  globe  A  heated  for  10  minutes  with  a  Bunseu 
biqn^r  to  about  300^  (at  the  lowest  part  of  the  glo1;»e).  la  a  trial  experimeQi 
it  was  found  that  the  ozone  remaining  after  this  treatment  could  be  neglecteiL 
The  apparatus  was  then  replaced  i|)i  th^  bath,  and  after  the  tempei-Eturf  hfld^ 
becofiie  steady,  the  pressure  was  read  agai]|«     .  ^ 

JUidhod^  qf  Calculatian.'^Tbe  pressure  of  the  ozone  at  each  reading  ^v^ 
calculated  as  follows : — ^The  actual  pressure,  as  shown  by  the  gauge,  at  es^^ 
reading  was  subtracted  from   the  final  reading  (when  all  the  ozone  w^ 
decomposed) ;  double  the  number  obtained  gave  the  pressure  of  the  ozone  t* 
millimetres  of  sulphuric  acid. 

A  correction  was  then  applied  for  the  change  of  volume  of  the  gases  in  ^ 
and  B  caused  by  the  movement  of  the  acid  in  the  gauge.  The  correctic^' 
was  a  small  one,  as  the  gauge  tube  was  only  2  mm.  in  diameter. 

The  first  or  second  order  "  constants  "  were  then  calculated  in  the  usual  wa^ 
Great  difiBculty  was  experienced  in  obtaining  concordant  results,  especiaDL 
with  a  new  globe,  which  usually  gave  a  greater  rate  of  decomposition  than  :^ 
did  after  some  use. 

The  following  results  (p.  356,  etc.)  were  obtained  at  various  temperature^ 
where  t  =  time  in  minutes,  x  =  amount  of  ozone  decomposed  (mm.  ^ 
H2SO4),  a  =  initial  pressure    of  ozone,   Ki   is    the    first    order  constfu^a 

_loff ,  and  K2  the  constant  of  the  second  order  — r— : — 

t     ^  a-x  t{a—x)a 
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Temperature  119^^9.    Globe  IT. 


1. 

a--r. 

ff. 

EaxlO», 

Ki  ■  10*. 

0 

190-2 

2 

1G2  7 

37  5 

640 

47t 

S 

137-4 

62*8 

673 

471 

4 

124-3 

65*9 

tm 

463 

6 

106 -4 

84  *S 

706 

4£7 

S 

89-2 

101-0 

744 

411 

18 

64-5 

125  -7 

788 

861 

IS 

4© '6 

140  7 

S30 

325 

38 

33-3 

156 -9 

885 

270 

74G           j 

Temperature  120*^- 

Globe  n, 

t 

a—x. 

X, 

Ki«W. 

K,«10». 

0 

227 '2 

1 

199-5 

27-7 

6X1 

564 

2 

179-7 

48-5      • 

697 

521 

S 

159  -0 

68  a 

629 

617 

5 

130-5 

96-7 

653 

482 

7 

lOS'O 

119*2 

694 

mi 

12 

74-0 

163-2 

760 

406 

17 

64*8 

172*4 

816 

3^ 

27 

S4-3 

192-9 

917 

d(H 

709 

Temperature  100**. 

Globe  11. 

t. 

a—x. 

X, 

K,  X  10?. 

Ki  X  10*. 

0 

405  1 

2 

388-8 

16-8 

618 

90 

4 

872-6 

32-6 

540 

91 

6 

368-2 

46-9 

539 

89 

11 

826-2 

78-9 

548 

85 

16 

299-3 

105-8 

645 

82 

26 

255-4 

149  7 

657 

77 

41 

210-2 

194-9 

658 

69 

61 

168-1 

237-0 

570 

63 

96 

121-9 

288-2 
Mean... 

597 

64 

662 
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i. 

a—x. 

X, 

KjxlO^. 

KjxlO*. 

0 

322*9 

15 

811-4 

11-6 

762 

105 

ao 

301  1 

21-8 

748 

101 

46 

289-9 

83-0 

788 

104 

60 

280-2 

42-7 

786 

108 

90 

262-9 

60-0 

786 

99 

120 

247-0 

75-9 

793 

97 

180   . 

220-3 

102-6 

801 

92 

240 

198-7 

124-2 

806 

88 

300 

180-0 

142-9 

819 

86 

860 

164-6 

168-4 

829 

81 

420 

161-1 

171-8 

838 

79 

608 

136-4 

187-5 

844 

74 

668 

126-2 

197-7 
Mean... 

857 

72 

804 

Temperature  60°-15.    Globe  11. 


i. 

a— ar. 

x» 

K,xlO». 

Ki  X  10«. 

0 

382-5 

180 

861-2 

21-3 

866 

139 

330 

344-2 

38-3 

881 

139 

1320 

264-9 

117-6 

879 

121 

1633 

261-9 

130-6 

884 

118 

1780 

237-8 

144-7 

894 

116 

2046 

224-8 

167-7 

897 

113 

2746 

196-1 

187-4 
Mean... 

916 

107 

887 

Temperature  40° 

Globe  II. 

t. 

a— J?. 

X. 

KjxlOW 

KixlO'. 

0 

376-3 

675 

368*4 

7-9 

844 

136 

1420 

861-9 

14-4 

745 

119 

2066 

356-2 

20-1 

730 

116 

2730 

360-6 

26-8 

716 

113 

1    4170 

338-6 

37-7 

710 

110 

6600 

327-2 

49-1 

712 

108 

7040 

317-4 

68-9 
Mean... 

700 

106 

722 

correction  has  been  applied  for  change  of  barometric  pressure,  or  for  the 
3  of  pressure  of  the  oxygen  during  the  decomposition  ;  for,  as  will  be  seen 
the  variations  thus  caused  are  within  the  limits  of  experimental  error. 
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It  will  be  noted  that  the  rasulta  are  not  in  close  accortknce  with  eitV^« 
a  first  or  second  order  reaction ;  they  are,  however,  considerably  nearer  ^A 
second  than  the  first*    With  one  exception  (at  40*^)  the  value  of 

rises  steadily  throughout  the  experiment. 


t{a— 


In  tlie  experiment  at  40^  the  amount  of  ozone  decoiuposed  is  very  srmW 
and  the  measurementB  extend  over  several  days,  60  that  the  decrease  in  ttS 
"  constant "  may  be  due  to  expt^rimental  error. 

The  rate  of  decomposition  increases  rouglily  10  times  for  a  rise  ' 
temperature  of  20*^  at  the  lower  tenjperatnrea,  and  somewhat  less  rapidl>-  4 
the  higlier  temperatures. 

£JM  oft^argiiig  the  ExiUfU  oftM  irimx  Surface, — Glolje  I  was  }:»acked  wi^ 
short  pieces  of  glass  tube  of  a  total  area  of  about  1120  sq.  cm.     The  inteniii/ 
area  of  the  globe  was  about  240  cm.,  so  that  the  area  of  the  glass  with  whic/i 
the  a2one  was  in  contact  was  nearly  six  times  as  large  as  before,  1 

Temi>erature  IIQ^^S- 


1. 

f-*«^ 

*.        j  KjkW^. 

!    ■     '• 

m^m* 

w. 

%^*\^\ 

0 
1 

8 

272-5 

^40 -a 
21a  *a 

19S  7 

32  2             492 
59  ^       1       607 
78  'S       1       4m 

\ 

f 

4 

6 

11 

i 

m%    1       96-3 
149-4    1     12s  1 
109-3         168-2 

501 
4^ 

Meui.,. 

500 

The  corresponding  mean  value  for  the  globe  with  the  tubes  is 
117  X  10"® ;  thus  the  rate  of  decomposition  was  4'27  as  fast.  Both  the 
bulb  and  the  tubes  were  made  of  soft  soda  glass.  It  will  be  noted  that  the 
rate  appears  much  more  constant  owing  to  the  increased  glass  surface,  but  this 
may  be  due  simply  to  the  increased  rate  and  consequent  shortening  of  the 
time  intervals. 

A  similar  experiment  at  about  80°  gave  the  following  result : — 

Temperature  79°-9.     Globe  II. 


t. 

0 

!      a-.. 

jr. 

KjxlO«. 

t. 

0— ar. 

ar. 

K,xlO». 

308  0 

1 

6 

166  0 

142*0 

468 

1 

268-8 

39-2 

473 

8 

144-3 

168-7 

460 

2 

238-2 

69-8 

476        . 

13 

107-5 

200-5 

466 

8 

215-2 

92-8 

467 

23 

68-1 

239-9 

487 

4 

1 

196-2 

111-8 

462 

■ 

♦  Cf.  Warburg,  *  Sitzungsberichte  der  Konig.  Preuss.  Akad.  Wiss.  Berlin/  1901,  v^A^S, 
p.  1126. 
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he  mean  rate  with  the  same  globe  at  80°  is  8*04  x  10"*,  so  that  at  this 
perature  the  rate  was  increased  nearly  60  times  by  the  glass  tubes. 
1  another  experiment  the  globe  was  loosely  packed  with  glass  wool,  with 
following  result : — 

Temperature  40°     Globe  III. 


t. 

a— x. 

X. 

KsXlO?.  r 

li 

t. 

«-,. 

X, 

KjxlO?. 

0 

283*4 

il 

55 

213-1 

70-3 

212 

5 

275  1 

8  3 

213        <^ 

70 

199-4 

84-0 

212 

10 

266-8 

16-6 

220         i 

90 

181  1 

102-3      \ 

221 

20 

252-2 

31-2 

218 

120 

158-8 

124-6 

231 

ao 

239-2 

44-2 

217 

160 

140-7 

142-7 

239 

40 

228*6 

54-8 

211 

210 

109-8 

173-6 
Mean... 

266 

224 

he  normal  rate  for  the  globe  was  not  determined  at  this  temperature,  but 

00°  it  was  000013.   Calculating  from  the  ratio  of  the  rates  observed  with 

be  II,  this  gives  a  rate  1*74  x  10"^  at  40°,  so  that  the  presence  of  the 

8  wool  increased  the  rate  of  decomposition  129  times. 

Tic  effect  of  a  porous  'suhstance  was  next  tried,  the  globe  being  filled  with 

es  of  clay-pipe  stem.     The  rate  of  decomposition  was  then  so  rapid  (no 

3t  owing  to  the  very  large  surface)  that  it  was  found  impossible  to 

sure  it,  even  at  the  ordinary  temperature. 

1  order  to  obtain  a  rate  that  would  be  measurable,  six  pieces  of  pipe 

I  of  about  2  inches  in  length  were  placed  at  the  bottom  of  the  globe. 

following  numbers  were  then  obtained  : — 

Temperature  99°-7.  m 


I 


0 

1-26 

2 

3 

4 


188-2 
165-6 
138-1 
117-8 
100-0 


Ki  X  10«. 


661 
672 
678 
687 


t. 

a— or. 

5 

7 

9 

14 

24 

85-6 
63-3 
46-6 
22-0 
5  1 

Ki  X  10*. 


684 
676 
674 
666 
653 


Temperature  60°*1. 


t. 

a— or. 

Ki  X 10*. 

t. 

a— ar. 

Ki  X  10*. 

0 

302-7 

7 

]50-l 

436 

1 

273-8 

436 

9 

123-0 

436 

2 

247-0 

442 

15 

70-6 

421 

3 

222  0 

449 

26 

27-3 

402          1 

4 

200-4 

448 

36 

11-2 

398 

5 

181-3 

445 

1 

860 
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These  numbers  extend  over  a  wide  range  and  dearly  indicate  a  reaction 
"of  the  first  order." 

The  effect  of  certain  metallic  oxides  was  then  tried ;  a  few  grammes  of  the 
oxide  were  placed  at  the  bottom  of  the  globe.  For  each  change  of  material, 
the  globe  was  cut  at  the  neck  and  resealed  after  the  introduction  of  the 
substance. 

Temperature  99^7.    About  20  grammes  granulated  CuO  in  Globe. 


i. 

-.. 

m. 

1   K,)clO*. 

Ki>clO«, 

267*8 

206-8 

49-0 

91 

917 

178-6 

88-8 

94 

866 

147*6 

109-7 

96 

804 

126-6 

180-7 

100 

770 

109-4 

147-9 

106 

748 

96-0  . 

162-8 

110 

721 

88-2 

174  1 

116 

700 

68-8 

194  O 

182 

677 

11 

47-4 

209-9 

166 

668 

le 

28-2 

284-1 

246 

668 

21 

10-7 

246-6 

427 

667 

The  numbers  show  that  the  reaction  is  in  this  case  much  nearer  first  order 
than  second,  but  is  not  in  dose  agreement  with  either.  In  another 
experiment  at  a  lower  temperature,  a  good  first  order  constant  was  obtained : — 

Temperature  40®-5.    About  20  grammes  granulated  CuO  in  Globe. 


t 

a—x. 

KixlO*. 

i. 

a— jr. 

KixlO*. 

• 

0 

848-6 

7 

196-0 

846 

1 

814-8 

868 

8 

181-8 

846 

2 

289-9 

862 

10 

156-2 

844 

8 

266-6 

868 

12 

184-7 

888 

4 

247-6 

868 

17 

93-8 

882 

6 

227-6 

866 

28 

88-6 

889 

6 

211-0 

851 

88 

16-2 

856 

A.  similar  result  was  obtained  with  magnesia,  but  the  rate  was  so  fast  that 
it  was  very  difficult  to  measure. 

Temperature  40°     About  10  grammes  MgO. 


L 

a— X. 

KixlO>.        t.                     a-x.    ,    KjxlO*. 

0 

1 

84-1 
20-9 
12-4 

!;            1             1 

3          7-7         216 
213          4          5  0         206 
220     1     7          1-9    i     179 

J 
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Manganese  peroxide  also  decompoees  ozone  at  an  extremely  rapid  rate,  as 
shown  by  the  following  results : — 

Temperature  40°.    10  grammes  MnOa,  in  small  lumps,  in  Globe. 


t. 

a— a?. 

K,  X  10>. 

t 

t 
a— a?. 

K,xl0». 

0  0 

151-8 

2  0 

27-8 

887 

0-6 

1038-0 

d45 

2-5 

17-6 

872 

1-0 

67  0 

864 

8-5 

8-6 

886 

1-5 

42-7 

887 

Temperature  16®*4. 

10  grammes  MnO^. 

t 

a— jp. 

K.xlO». 

1 

i. 

a— ». 

Ki  X  10>. 

0-0 

149-7 

8-6 

82-2 

190 

0-6 

119-4 

196 

4-6 

21-0 

189 

1-0 

94-8 

198 

6-6 

18-6 

189 

1-6 

76-7 

197 

7-6 

6-8 

188 

2-6 

49-2 

198 

9-6 

2  1 

196 

Lead  peroxide,  on  the  other  hand,  was  found  to  have  comparatively  little 
effect  on  the  rate  of  decomposition.  Commercial  lead  peroxide  was  found  to 
absorb  ozone,  no  doubt  owing  to  the  presence  of  lower  oxides.  The  following 
numbers  were  obtained  with  specially  purified  peroxide,  which  had  been 
allowed  to  stand  in  the  presence  of  ozone : — 

Temperature  60°.     1  gramme  PbOa,  in  Powder. 


t. 

a—x. 

X, 

KjxlO^. 

K,  X  10». 

0 

421-4 

17       1 

896-7 

24-7 

869 

164 

37 

371-2 

60-2 

867 

149 

67      1 

847*4 

74-0 

887 

147 

87      ! 

816  0 

105-4 

910 

144 

167 

248-6 

172-8 

987 

187 

207 

221-7 

199-7 

1088 

136 

The  normal  rate  at  60°,  calculated  in  the  same  way  as  for  40^  is 
209  X  10-«. 

Effect  of  Metallic  Surfaces. — Consistent  results  were  not  obtained  unless  the 
metal  had  been  previously  heated  in  the  presence  of  ozone. 

The  normal  rate  for  the  globe  is  1220  x  10-^,  so  that  the  presence  of  the 
platinum  appears  actually  to  diminish  the  rate.  It  is  probable  that  the 
VOL.  LXXX. — A.  2  c 
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normal  rate  for  the  globe  had  changed  owing  to  the  alteratioa  in  the  neek 
during  tlie  opening  and  resealing* 


Temperature  99°  7,    Total  Area  of  Surface  of  Platinum  Foil,  195 

sq.  cm. 

L 

«— A 

t 

EjkW, 

t 

a— a. 

*. 

Ka»lO^. 

0 

435-0 

9 

800^ 

75-0 

533 

1 

435^ 

9-4 

508 

14 

3g8  8 

106^ 

530 

2 

417-3 

17-8 

400 

19 

300  B 

184 -6 

541 

a 

407-9 

27-1 

500 

24 

276-7 

159  S 

a&4 

5 

391  2 

43-8       1 

61o 

34 

23S6 

199-4 

507 

7 

375  7 

59-3 

518 

m 

178-8 

2G6Z 

688 

.Similar  results  were  obtained  in  the  case  of  nickel : — 
Temperature  99°  8.     Total  Area  of  Surface  of  Nickel  Foil,  71"5  sq,  cnu 


i. 

«— JF. 

f. 

E^KlO?. 

Ki  X  10*, 

0 

866-8 

2 

850-7 

15  1 

588 

m 

4 

886  HJ 

29-9 

606 

m 

10 

205  0 

70-8 

666 

» 

IB 

254^ 

111-Q 

668 

m 

SO 

207-4 

158  -4 

696 

m 

52 

156^ 

210-2 

710 

71 

72 

124  6 

341-2 

736 

66 

112 

86-0 

070 -« 

794 

66 

Some  experin^ents  were  carried  out  with  silver  foil,  but  the  rate  of 
decomposition  could  not  be  measured  owing  to  the  gradual  oxidation  of  the 
silver  to  peroxide  by  the  action  of  the  ozone. 

An  experiment  with  platinum  black  showed  an  acceleration  of  the  rate  of 
decomposition,  though  not  a  large  one,  and  a  "  second  order "  constant  was 
obtained. 

Temperature  99°'7.    Globe  VI.    About  2  grammes  Platinum  Black. 


L 

a—x. 

X. 

K,xl0». 

i. 

a— 4P. 

«. 

K,xlO^. 

0 

98-8 

28 

60*0 

89-8 

297 

3 

89-8 

9-0 

838 

33 

60-6 

48*8 

292 

8 

79-2 

19-6 

813 

53 

88-0 

60-8 

806 

13 

70-6 

28-2 

311 

88 

26*6 

72-8 

814 

The  normal  rate  for  this  globe  was  81'9  x  IQ-^ 

Influence  of  Moisture. — A  trace  of  moisture  is  known  to  be  held  by  a  glass 
surface,  even  at  temperatures  above  100^.    An  experiment  was   therefoie 


1907.] 


The  Decomposition  of  Ozone  by  Heat. 


363 


Xnade  to  discover  whether  the  moisture  so  held  was  sufficient  to  have  an 
appreciable  effect  on  the  rate  of  decomposition.  The  globe  was  heated  in 
an  air  bath  at  about  400^,  and  pumped  out  several  times.  It  was  then 
placed  in  the  calcium  chloride  bath^  and  an  experiment  conducted  as  usual 
The  mean  rate  was  0*000055,  while  the  rate  found  without  the  previous 
heating  was  0*000053,  a  difference  which  may  be  ascribed  to  experimental  error. 

A  series  of  experiments  was  made  with  vaiying  quantities  of  moisture  in 
the  globe.  The  water  vapour  was  introduced  from  a  nitrometer  containing 
water.  This  was  well  shaken  to  ensure  the  saturation  of  the  air 
^th  water  vapour ;  it  was  then  connected  with  the  exhausted  globe,  and  the 
required  quantity  of  moist  air  quickly  admitted,  the  pressure  of  the  air  being 
maintained  constant. 

In  one  experiment  air  was  passed  from  the  nitrometer  through  a 
series  of  four  bulbs  containing  water,  placed  in  a  water  bath,  and  thence 
into  the  decomposition  globe.  In  this  way,  2*77  milligrammes  of  water 
vapour  were  introduced. 

The  general  effect  of  the  moisture  is  to  quicken  the  rate  of  decomposition, 
and  the  numbers  are  in  much  better  accord  with  a  second  order  constant  than 
those  obtained  with  dry  ozone.     The  following  is  a  good  example : — 

Temperature  119°*5.     Globe  I.     0*69  milligramme  Water  in  Globe. 


t. 

a— «. 

X, 

K,xl0«. 

1    t. 

a— a?. 

X, 

KjxlO*. 

t   ® 

829*0 

8 

225*3 

103-7 

176 

1   1 

811-8 

17-7 

178 

13 

188-7 

140-3 

174 

2 

294-0 

86  0 

181 

28 

142-9 

186-1 

172 

!     8 

279-9 

49  1 

178 

88 

114-0 

216-0 

174 

4 
6 

266-1 

62-9 
84-8 

180 
176 

63 

80-8 

248-2 

176 

Mean 

176 

The  increase  in  the  rate  of  decomposition  is  (within  the  limits  of  experi- 
mental error)  proportional  to  the  mass  of  water  vapour  present.  The  mean 
values  of  the  constants  are  here  given,  together  with  the  corresponding 
quantities  of  water  admitted  in  milligrammes  (m),  and  the  constants  calculated 

from  the  formula : 

*=122-fl35-lm. 

The  normal  rate  for  the  globe  was  0000122. 


M. 

K,xl0». 

k. 

m. 

K,xlO». 

1 
k.            1 

1 

0-0 

0-76 

0-69 

122 
214 
176 

223 
215 

0-68 
1-40 
2-77 

209 
310 
515 

1 

200     1 
324     ! 
406 

2  c  2 
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of  Nitric  OxOe. — ^An  attempt  was  made  to  meaaure  the  rate  of 
decompoaition  of  ozone  after  the  addition  of  a  small  quantity  of  nitric  oxideu 
Several  trials  were  necessary  in  order  to  find  a  suitable  temperature,  and  how 
much  nitric  oxide  could  be  added  without  deoomposiiig  the  ozone  tod 
quickly.  Finally,  measurements  were  made  at  119^1  after  the  additi<m 
of  0*2  cc  nitric  oxide  (at  15^  and  800  mm.).  The  niti-ic  oxide  was  made  in 
a  nitrometer  from  potassium  nitrate  and  sulphuric  acid  over  mercury,  and  was 
forced  into  the  globe,  which  already  contained  ozonised  oxygen  at  a  constant 
temperature. 

The  following  is  the  result : — 


i. 

a— JT. 

dr. 

j   K,xlO». 

KixlO^. 

0   1 

68-6 

1 

48-4 

16  1 

506 

180 

2 

80-6 

28-0 

i    786 

141 

8 

21-5 

37-0 

961 

146 

4 

18-7 

41 -8 

1    1897 

168 

The  rate  of  decomposition  was  thus  extremely  fast,  and,  so  far  as  it  could 
be  followed,  appeared  to  be  roughly  of  the  first  order. 

In  a  similar  experiment  with  1  cc.  of  nitric  oxide,  the  decomposition  was 
too  rapid  for  measurements  to  be  made. 

Attempts  were  made  to  follow  the  change  completely  at  a  lower  tempera- 
ture ;  0*8  CO.  nitric  oxide,  contained  in  a  tube  between  two  stop-cocks,  was 
allowed  to  diffuse  into  a  bulb  containing  150  cc.  ozonised  oxygen,  the  whole 
being  placed  in  a  water  bath  at  10°. 

The  change  of  pressure  was  measured  by  a  sulphuric  acid  gauge  connected 
with  the  upper  part  of  the  bulb.  It  was  found  that  a  decrease  of  pressure 
of  47  mm.  of  sulphuric  acid  took  place,  the  pressure  then  remaining 
constant.  This  represents  a  decrease  of  about  1  per  cent,  in  the  volume,  and 
is  more  than  would  be  accounted  for  by  the  combination  of  nitric  oxide 
either  with  oxygen  or  ozone  to  form  nitrogen  peroxide.  Probably  this  is 
due  to  condensation  of  nitrogen  tetroxide  in  the  liquid  state. 

At  50°  no  rapid  decomposition  of  the  ozone  was  observed  after  intro- 
ducing 1  cc.  of  nitric  oxide,  while  at  100°  the  rate  was  accelerated  but 
very  irregularly. 

Effect  of  Varying  the  Pressure  of  the  Oxygen. — A  series  of  experiments 
was  made  at  various  pressures  with  the  complete  apparatus  as  shown  in 
fig.  1.  The  large  globe  F  was  connected  with  B,  and  brought  down  to  the 
required  pressure  by  means  of  a  Fleuss  pump.  A  was  exhausted  and  the 
ozone  admitted  in  die  usual  way,  until  the  pressure  in  A  was  known  to  be 
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in  excess  of  that  required.  The  globe  A  was  connected  with  F  until  the 
pressure  was  equalised;  it  was  then  connected  with  the  gauge,  the  stop- 
cock H  was  closed,  and  readings  were  taken  as  usuaL  The  total  amount  of 
ozone  was  also  determined  as  before. 

Some  manganese  peroxide  was  placed  at  the  bottom  of  the  globe  F  in 
order  to  decompose  the  ozone  admitted. 

The  general  character  of  the  results  is  the  same  as  those  at  atmospheric 
pressure,  ie.,  they  are  approximately  of  the  second  order,  but  the  rate 
increases  towards  the  end  of  the  experiment.  The  mean  results  are  given 
in  the  following  table,  together  with  two  at  ordinary  pressure  for  com- 
parison:— 

Temperature  99°-7. 


Pressure. 

E,xl07. 

Pressure. 

KjxlO?. 

Pressure. 

KjxlO?. 

766 
768 
688 
698 

681 
660 
681 
768 

688 
660 
482 
468 

788 
720 
787 
851 

449 
876 
804 
276 

776 

888 

916 

1070 

JSffeet  of  Diluting  with  Air. — ^A  few  experiments  were  made  in  which  the 
pressure  of  the  oxygen  was  diminished  by  the  addition  of  air.  The  large 
globe  F  was  exhausted  to  approximately  ^  an  atmosphere ;  the  globe  A  was 
then  filled  as  usual  and  allowed  to  blow  off  into  F.  The  following  are  the 
results : — 

Temperature  99°-8. 


Pressure  of  oxygen. 

K,xl0». 

mm. 
467 
458 
462 

166 
166 
162 

Normal  rate  for  the  globe  (TI),  81*9  x  10~*. 

Discussicn  of  BemUs. 

Effect  of  Temperature, — ^The  relation  between  rate  of  decomposition  and 

temperature  may  be  expressed  by  the  formula  logA;  =  a+W,  a  formula  found 

by  one  of  us  to  express  the  connection  between  the  rate  of  evaporation  of 

ammonia  from  aqueous  solution  and  temperature*  and  used  also  by  Van't 

Hoflf.t 

♦  *Chem.  Soc.  Trans.,'  1898,  p.  624. 

t  '  Yorlesungen  iiber  theoretische  und  physikalische  Chemie,'  1901,  yoL  1,  p.  224. 
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Putting  a  ^  2*86  and  h  =  0*06,  the  following  numbers  are  obt«dned :— 


T&mpemtture, 

log  A  (found). 

log  k  (cdloiil&ted). 

40 

2-86 

2-86 

60 

3'&5 

B-m 

80 

4 '91 

4'm 

100 

$74 

5-m 

130 

6  m 

6  86 

I 


It  occurred  to  us  that  the  decomposition  might  take  place  iustantaueouBlr 
at  the  surface  of  the  glass  (or  other  Bubstance),  and  that  the  rate  DQeafiui^d 
was  simply  the  rate  of  diffusion  of  the  gas  towards  the  surface.  These 
results,  however,  show  that"  the  idea  iB  unteuable,  for  the  rate  would  in  tbat 
caae  vary  as  the  square  root  of  the  absolute  temperatuiB, 

£ff€ct  of  Varying  Extent  of  Surface. — ►It  has  been  shown  that  the  taU 
depends  on  the  extent  of  the  surface^  but  it  could  not  be  shown  thai  it  is 
proportional  to  the  surface.  It  must  be  remembered,  however,  that  it 
is  impossible  to  vary  the  extent  of  the  surface  and  yet  ensure  its  uniformitj* 
With  a  very  large  surface  a  much  better  second  order  constant  is  obtained ; 
this  may  be  due  to  the  almost  entire  prevention  of  any  effect  of  ditfusioDT  ■ 
but  we  are  inclined  to  think  that  it  is  caused  simply  by  the  incre-ased  ^ 
rapidity  and  shorter  range  of  the  reaction. 

Effect  of  Oxides,- — iVom  the  results  given  it  is  impossible  to  conclude  tbat 
the  peroxides   used  act  as    carriers  of  oxygen,  for  lead  peroxide  has  but 
little  eflect,  whereas  manganese  peroxide  accelerates  the  reaction  enormously- 
Moreover,  copper  oxide  and  magnesium  oxide  have  a  great  effect  in  increasing 
the  rate  of  decomposition.    Neither  can  the  effect  be  due  entirely  to  the 
extent  of  the  surface  of  the  oxide.    Manganese  peroxide  in  lumps  had  more 
effect  than  magnesia  in  powder,  but  lead  peroxide  in  powder  had  very  little 
influence.      With  these  oxides  a  good  first  order  constant  was  obtained, 
i.e.,  the  rate  of  decomposition  was  proportional  to  the  pressure  of  the  ozone, 
and  it  seems  to  us  that  the  only  conclusion  to  be  drawn  is  that  the  real  factor 
is  the  rate  of  absorption  or  condensation  of  ozone  on  the  surface  of  the  oxide. 

Effect  of  Metallic  Surfaces. — Of  the  metals  tried,  the  effect  in  each  ease 
was  small,  and  appeared  to  be  a  diminution  of  the  rate  of  decomposition. 
This  is  entirely  different  from  the  effect  of  metals  on  the  combination  of 
hydrogen  and  oxygen  as  found  by  Bone  and  Wheeler;*  the  latter  wis 
attributed,  however,  to  the  occlusion  of  hydrogen. 

Effect  of   Certain    Vapours. — It    has    been    shown    that    water    vapour 

♦  Loc.  cU. 
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accelerates  the  rate  of  decomposition,  and  that  the  effect  is  roughlj  propoir- 
tional  to  the  quantity  of  water  present.  Ozone  is  not  kno^^  tp  have  any 
action  on  water  vapour,  and  it  appears,  probable  that  this  effect  is  due  to 
the  deposition  of  moisture  on  the  surface  of  the  glass,  owing  to  which 
the  ozone  would  be  more  rapidly  condensed.  These  results  appear  to  be 
directly  in  opposition  to  those  of  Shenstone,  who  found  that  ozone  was  more 
stable  in  the  presence  of  moisture  (this^  was,  however,  at  a  much  lower 
temperature). 

The  action  of  nitric  oxide  is  much  greater  than  that  of  water  if  a  suflBciently 
high  temperature  is  employed  (100° — 120^),  and  it  would  seem  a  reasonable 
explanation  that  the  nitric  oxide  acts  as  a  carrier  of  oxygen,  being  continually 
oxidised  to  the  peroxide,  and  reduced  again  by  the  action  of  the  ozone  until 
the  latter  is  entirely  decomposed. 

Effect  of  Variation  of  the  Oxygen  Pres8v/re. — ^The  rate  of  decomposition  has' 
been  shown  to  be  a  linear  function  of  the  pressure  of  the  oxygen ;  this  cannot 
be  caused  by  the  reversibility  of  the  reaction,  for  it  has  been  shown  to  be. 
irreversible  for  all  practical  purposes.  S.  Jahn*  made  somewhat  similar 
experiments,  varying  the  pressure  of  the  oxygen  by  dilution  with  air,  and 
found  that  the  rate  varies  approximately  inversely  as  the  oxygen  pressure,  a 
result  confirmed  by  experiments  of  our  own.  From  these  results  Jahn  deduces 
that  a  secondary  reaction  takes  place,  03+0= 20a.  We  find  that  on  varying 
the  pressure  without  the  intervention  of  another  gas,  the  rate  is  not  etffected 
to  the  same  extent,  e.g.,  a  variation  of  the  pressure  from  600  mm.  to  300  mm. 
caused  the  rate  to  vary  from  0*0000685  to  0-000097.  We  are  inclined  to  think 
that  Jahn's  conclusion  is  not  justifiable,  and  that  the  variation  of  the  oxygen 
pressure  produces  a  difference  in  the  gas-film  on  the  surface  and  so  alters  the 
rate.  It  can  only  be  said  at  present  that  the  mechanism  of  the  process  is  not 
understood. 

JReversibility  of  the  Beaction. — ^Attempts  were  made  to  synthesise  ozone  by 
passing  a  slow  stream  of  oxygen  through  a  combustion  tube  heated  in  a  gaa 
furnace.  The  tube  was  bent  at  the  outlet  and  dipped  in  a  solution  of 
potassium  iodide  and  starch.  No  ozone  could  be  detected.  The  experiment 
was  then  repeated  vath  the  following  substances  in  the  tube  respectively : — 
pipe  stems,  iron  nails,  platinised  asbestos,  manganese  peroxide :  traces  of  ozone 
were  formed  with  the  last  named,  but  none  could  be  detected  with  the  others 
The  solution  became  brown,  and  on  letting  it  stand  a  blue  colour  was- 
developed  No  ozone  was  found  unless  the  temperature  was  high  (a  low  red 
heat)>and  the  oxygen  was  passed  through  quickly.  With  a  slow  stream 
probably  the  ozone  formed  was  decomposed  before  leaving  the  tube. 
♦  *Zeit.  anorg.  Chem.,'  1906,  voL  48,  p.  260. 
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In  the  followiog  expenments  oxy^n  was  heated  in  a  globe  for  maoj  hotui 
in  order  to  diacover  whether  any  ossone  could  be  formed  in  thia  way  :— 


Time  of  hmting,  etc. 

B*iult. 

130 
100 
JOO 
100 
lOO 
100 

24hotin 
17     „ 
4  dbys  witb  Pfc  Mack 
4  dajB  with  MnO, 

TdftTB 

14  : 

Fl 

Tmoe  Jl  O,  (?) 

It  ia  aomewbat  doubtful  wli ether  any  ozone  was  detected,  for  a 
experiment  with  oxygen  (not  heated)  gave  nearly  as  much  colour, 
brownish  tint,  developing  into  blue  on  etanding  some  hours. 

Experiments  were  also  made  to  ascertain  whether  ozone  could  be 
pletely  decomposed  by  heat ;  the  following  are  the  results : — 
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In  the  last  experiment  there  was  no  doubt  that  a  traoe  of  ozone  remained 
after  a  fortnight's  heating ;  it  seems  probable  that  it  had  come  into  equilibrium. 
We  conclude  from  these  experiments  that  the  decomposition  of  ozone  by  heat 
is  not  completely  irreversible  at  100^,  but  that  the  reverse  reaction  is  so  small 
that  it  is  difScult  to  detect. 

Sumnmry. — ^The  rate  of  decomposition  of  ozone  has  been  measured  under 
various  conditions  with  the  following  results : — 

1.  In  a  glass  vessel  the  reaction  is  approximately  of  the  second  order. 

2.  The  relation  between  the  rate  of  decomposition  and  temperature  may  be 
expressed  by  the  formula  log  A;  =  a+W. 

3.  The  rate  of  decomposition  is  very  largely  influenced  bj  the  extent  of 
the  surface  with  which  the  ozone  is  in  contact. 

4.  The  reaction  is  of  the  first  order  when  the  ozone  is  in  contact  with  a 
porous  substance  (clay-pipe  stems)  or  some  oxides. 

5.  Metallic  surfaces  have  but  little  effect  on  the  decomposition. 

6.  Water  vapour  accelerates  the  decomposition,  and  the  acceleration  is 
proportional  to  the  amount  present. 


Effects  of  Self 'induction  %h  an  Iron  Cylinder,  etc.        369 

7.  Nitrio  oxide  greatly  accelerates  the  decomposition. 

8.  The  rate  of  decomposition  is  a  linear  function  of  the  oxjgen  pressure. 
A  greater  e£G9Ct  is  produced  by  diluting  with  nitrogen  than  by  simply 
reducing  the  pressure  of  the  oxygen. 

9.  At  100°  the  reaction  appears  to  be  very  slightly  reversible. 

10.  Finally,  the  decomposition  appears  to  take  place  mainly  (if  not  entirely) 
M  the  surfaces  with  which  the  ozone  is  in  contact,  and.  pressure  measurements 
^ve  no  indication  of  the  number  of  molecules  reacting. 

The  expense  incurred  in  this  investigation  lias  been  defrayed  by  a  grant 
from  the  Boyal  Society. 


Effects  of  Self-induction  in  an  Iron  Cylinder  when  trave^^sed 
by  Alternating  Currents.* 

By  Ernest  Wilson,  Professor  of  Electrical  Engineering  at  King's  Collie, 

London. 

(Communicated  by  Sir  William  Preece,  F.B.S.    Beceived  January  23, — Bead 

February  20,  1908.) 

In  a  previous  paperf  the  effects  of  self-induction  in  an  iron  cylinder  were 
studied  when  a  continuous  current  flowing  through  the  cylinder  in  a  direction 
parallel  with  its  axis  of  figure  was  suddenly  reversed  and  again  maintained 
steady.  In  the  experiments  reported  in  the  present  paper  the  currents  in  the 
cylinder  were  made  to  alternate  in  the  following  manner.  A  continuous  current 
dynamo,  capable  of  giving  currents  up  to  2000  amperes  or  more,  was  weakly 
excited  and  its  brushes  were  short-circuited  by  the  cylinder  to  be  experi- 
mented upon  in  series  with  the  shunt  of  a  moving-coil  ampere-meter.  The 
brushes  were  moved  round  the  commutator  by  aid  of  a  worm  and  worm- 
wheel  from  the  position  of  maximum  to  that  of  zero  current.  The  field  was 
then  reversed  and  the  brushes  moved  back  to  their  initial  position. 

By  continuing  these  operations  an  alternating  current  was  caused  to  flow 
through  the  cylinder,  and  its  periodic  time  was  controlled  by  the  speed  at 
which  the  brushes  were  moved.  The  worm  axle  was  unifoimly  rotated  by 
hand  at  a  speed  determined  by  the  operator  listening  to  a  seconds  clock. 

*  In  connection  with  this  research,  I  wish  to  acknowledge  a  grant  voted  to  me  by  the 
Council  of  the  Boyal  Society  out  of  the  Ooyemment  Grant  Fund, 
t  *Boy.  Soc.  Ptoc.,'  A,  voL  78,  p.  22, 1906. 
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Simultaneously  readings  were  taken  at  knowB  epochs  on  (a)  each  of  tkree 
dead'beat  galvanometers  connected  to  exploring  coils  threaded  through  holes 
in  the  mass  of  the  cylinder  far  the  purpose  of  obtaining  the  KSLF/a  at 
different  depths  due  to  the  rate  of  change  of  the  magnetic  induction,  and  on 
(6)  the  moving-cdil  ampere-meter* 

The  cylinder  is  of  miUl  steel  and  has  a  diameter  and  length  each  equal  to 
10  inches  (25^4  em.).  It  is  provided  with  holes  drilled  in  a  plane  containing 
its  axis  of  figure  in  such  manner  that  exploring  coils  could  he  threaded  l& 
enclose  certain  portions  of  that  plane.  The  coils  are  referred  to  respectively 
as  1,  2,  5,  and  are  each  2  inches  wide  in  a  direction  parallel  with  the  axis  of 
figure  and  mid-way  between  the  ends  of  the  cylinder.  Their  depths  in  a 
radial  dii-ection  are  respectively  1, 2,  and  2  inches  and  therefore  their  average 
radii  are  0'5,  2,  and  4  inches  respectively.  The  current  was  passed  into  the  m 
cylinder  by  aid  of  the  massive  gnnmetal  castings  used  in  the  experiments  " 
previously  described.*  The  deflections  of  the  galvanometers  have  beca 
reduced  to  volts  per  turn  per  square  centimetre  and  are  plotted  in  the  case  of 
two  of  the  experiments  in  figs.  1  and  2.  The  curves  are  numbered  1,  2,  3  ta 
correspond  with  the  particular  coils  from  which  they  were  obtained,  Tm& 
progresses  from  left  to  right  of  each  figure* 

Magnetic  Indnd^ion  (B)  as  affeHed  by  Variatitm  of  Periodic  Timt  and  Total 
Current, — On  integrating  the  E.M.F.  curves  the  magnetic  induction  (B)  1m» 
been  obtained.     In  Table  1,  where  the  residts  are  summarised,  the  maximum 
average  values  of  the   magnetic  induction  are  set  fortL     Looking  at  the 
values  of  the  maximum  induction  for  periodic  time  0'75  minute,  and  maximum 
total  currents  of  1000  and  2000  amperes,  we  notice  how  great  is  the  shielding 
effect  in  the  former  case  as  compared  with  the  latter.    This  effect  is  intimately 
connected  with  the  average  permeability  of  the  iron,  which,  as  will  be  shown^ 
is  higher  with  a  maximum  total  current  of  1000  amperes.     A  comparison  of 
the  maximum  values  of  the  magnetic  induction  for  periodic  time  0*75  minute 
and  maximum  total  current  of  500  and  1000  amperes  shows  that  in  those  two 
cases  the  innermost  coil  is  equally  affected.    For  a  maximum  total  current  of 
1000  amperes  the   percentage  diminution  of  maximum  B  for  coil  1  as  the 
periodic  time  is  varied  from  6  to  0*75  minute  is  much  greater  than  in  the  case 
of  maximum  total  currents  of  500  and  2000  amperes.    It  should  be  noted 
that  in  Table  I  the  total  amperes  are  given  approximately,  their  accurate 
values  are  given  in  Table  II. 

Wave-form  and  Phase  Displacement  as  affected  by  Variation  of  Periodic  Tims 
and  Total  Current. — Figs.  1  and  2  are  given  as  showing  two  extreme  cases.     In 
each  diagram  ci,  c^,  cs  are  the  currents  interior  to  the  radii  ^,  2,  and  4  inches 
♦  See  *  Roy.  See.  Proc.,WoL  68,  p  440,  fig.  1. 
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spectiyely*  In  fig.  1  the  periodio  time  is  6  minutes  and  the  total'  current 
00  amperes,  and  the  shielding  effect  is  comparatively  smalL  In  fig.  2  the 
riodio  time  is  0-75  minute  and  the  total  current  1000  amperes,  and  this^ 


one  case  in  which  the  centre  of  the  cylinder  is  practically  devoid  of  current. 
may  be  generallj  remarked  that,  referring  the  phase  displacement  of  the 
lO*.  conres  to  the  maximum  of  current  for  a  given  frequency,  the  maximum 
IIF.  oeonn  eadier  aa  the  current  is  increased.    For  a  given  total  current 
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the  maxunum  of  RM.F.  oocors  later  as  the  frequenoy  is  increaeed.  The 
wave^f onns  of  the  E.M  J.'s  are  very  much  more  peaked  for  the  higher  ourrenta 
and  the  longer  periodic  times.  The  peaks  of  the  E.MJ.  curves  cease  to  be  so 
prominent  at  the  high  frequencies,  but  they  are  retained  more  with  the  large 
total  currents  than  with  the  small  ones. 
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Energy  dissipated  by  Electric  Current  in  overcoming  Besistance  and  iy 
Magnetic  Hysteresis. — For  the  varying  conditions  of  frequency  and  total 
current  the  C*E  watts  per  centimetre  length  of  the  cylinder  have  been 
calculated  and  compared  with  the  C^R  watts  which  would  be  found,  if  a 
continuous  current  equal  in  value   to  the  root-mean-square  value   of   the 
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Table  L — Maximum  Average  Induction  B  and  Average  Penneability. 


totel 

Periodic  time  in     1 
minutes.            j 

0-76. 

1-6. 

8. 

6. 

ampevM.* 

Krequenoy 

1/46. 

1/90. 

1/180. 

1/860. 

2000 

rcoa  1 

8,400 

4,440 

4,720 

8,960 

B    Coil  2 

6,060 

12,000 

12,640 

12,040 

LCoil  8 

12,600 

14,060 

14,160 

18,660 

B  at  turfitoe  of  cylinder 

14,240 

14,880 

14,880 

14,840 

Permeability 

2fi20 

2,800 

2,140 

1,260 

1600 

rCoil  1 

B<  Coil  2 

LCoil  8 

206 
4,460 
8,940 

B  at  surface  of  cylinder 

18,780 

Permeabili^ 

8,060 

1000 

rCoil  1 

1281 

680 

2,040 

8,1801 

B<  Coil  2 

2,160  ►t 

6,200 

8,200 

9,240    t 

Icoa  8 

8,826  J 

10,620 

11,100 

11,860  J 

B  at  surface  of  cylinder 

12,650 

12,480 

12,160 

12,270 

Permeabili^ 

8,060 

8,060 

2,690 

1,990 

600 

rOoil  1 

128 

216 

294 

676 

B-  Coil  2 

880 

2,070 

8,240 

4,786 

LCoU  8 

4,680 

6,600 

6,620 

6,940 

B  at  surface  of  cylinder 

8,400 

7,800 

7,260 

7,000 

Permeabilify 

2,010 

2,260 

2,810 

2,180 

*  These  are  approximate  values.    For  accurate  yalues,  see  Table  XL 
t  Pig.  2.  J  Fig.  1. 

alternating  current  were  allowed  to  traverse  the  cylinder:  (a)  on  the  assumption 
of  constant  current  density ;  (b)  having  regard  to  the  variation  of  current 
density  which  was  found  actually  to  exist,  owing  to  end  effect.  An  attempt 
is  made  to  compare  the  ratios  obtained  with  the  average  permeability 
of  the  material  under  the  conditions  of  test.  The  watts  due  to  magnetic 
hysteresis  have  also  been  calculated,  and  a  comparison  made  between  them 
and  the  watts  which  would  be  found  if  the  distribution  of  magnetic 
induction  under  continuous  current  were  assumed  to  persist  at  the  particular 
frequency.  By  a  different  application  of  the  same  principles,  an  attempt 
has  been  made  to  check  the  values  of  the  total  watts  due  to  C%  and 
magnetic  hysteresis  found  separately.  Finally,  the  ratios  of  the  watts  due 
to  G^R  and  to  magnetic  hysteresis  are  given.  The  results  are  set  forth  in 
Table  II. 

(1)  The  C^  watts  have  been  calculated  as  follows.  The  KM.F.  curves 
previously  integrated  have  been  used  to  give  the  average  value  of  the 
magnetic  induction  (B)  over  the  three  annuli  at  any  instant  of  time.  From 
the  hysteresis  loops  for  the  material,  obtained  by  the  ballistic  galvanometer, 
the  corresponding  values  of  H  have  been  obtained.   In  finding  the  currents  from 
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It 


1/46 
(0-0222) 


I/dO 
(0^11) 


iBao 

1000* 

600 

2000 

mo 

430 


1200 
915 
696 
299 


A. 
470Q 
2970 

1490 
325 


1270  ,  4770 
627  i2ao 
269   238 


1/160   ,  2000 
(0*00666)   900 
4a5 


1/300 

(0-00378) 


1260 

683 
267 


4680 

1030 

226 


1950  1^0  4290 
93at  591  ^7 
420   2m       212 


3390 
1985 

847 
212 

8830 
930 
171 

S780 
819 
169 

3810 
B3t 
172 


0. 

1-39 

3790 

1-60 

2220 

1-76 

947 

1  58 

237 

1-26 

4280 

1-32 

1O40 

1-39 

191 

1-25 

4160 

125 

915 

1-34 

169 

113 

4350 

118 

929 

1  23 

192 

D, 

1*24     2530 

824 

6520 

B^4 

1*84     3050 

663 

3630 

vm 

1-67 

3080 

381 

1870 

3«0 

1  '37 

2010 

169 

491 

1-9S 

112 

2800 

640 

5310 

8-85 

1^18      3060 

398 

1690 

4*11 

1  24     £260 

97 

S3S 

2-46 

112 

3140 

286 

4660 

16^ 

1-12 

2690 

175 

1200 

5« 

1*20 

2310 

69 

2m 

3-38 

1*01  ' 

1260 

140 

4430 

30  < 

1-06 

1990 

94 

1080 

10 -s 

I'lO 

2130 

86 

246 

5-89 

Fig.  2. 
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these  values  of  H,  it  is  assumed  that  the  average  value  of  B  in  each  annulus 
occurs  at  the  average  radius  of  the  annulus.     The  error  thus  introduced  is 
not  very  serious.     The  total  interior  currents  thus  found  have  been  plotted 
for  each  instant  of  time  in  terms  of  the  radius  of  the  cylinder.     From  these 
curves  the  current  over  each  of  five  annuli,  each  having  1  inch  radial  depth, 
has  been  estimated.     Its  squared  value  has  been  multiplied  by  the  resistance 
of  the  annulus,  and  hence  the  total  C^R  watts  at  any  instant  of  time  have 
been   found.      The  time-average  of   the  total  values  has  then  been  taken 
over  a  half  period  of  the  alternating  current.     Referring  to  Table  II,  it  will 
be  seen   that  at    frequency    1/45    (0*0222)   the  ratio   of  the    watts    with 
alternating  to  those  with  continuous  current  rises  to  a  maximum  for  a  total 
current  of  1000  amperes.     In  attempting  to  connect  these  results  with  the 
average  permeability  of  the  material,  the  latter  has  been  found  as  follows.* 

*  The  time-average  of  dB/dB.  has  been  chosen  in  preference  to  the  time-average  of 
B/H,  because  tlie  latter  takes  no  account  of  the  previous  history  of  the  material,  which  is 
vital  when  the  effects  of  magnetic  hysteresis  have  to  be  considered.  For  example,  when 
the  iron  is  subjected  to  a  periodic  magnetising  force  of  fixed  direction  relative  to  the  iron, 
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At  equkl  intervals  of  tdme  the  values  of  the  magnetic  induction  (B)  have 
l>een  taken,  and  from  the  hysteresis  loops  the  iiatio  dB/dH  has  been  found. 
The  time  average  of  dB/dH  per  coil  was  then  multiplied  by  the  volume  of 
the  annulus,  and  the  sum  of  the  averages  of  the  three  annuli  was  divided 
by  the  total  volume  of  the  cylinder.  It  will  be  seen  that  at  frequency  1/45 
the  maximum  value  of  this  average  permeability  also  occurs  with  a  total 
current  of  1000  amperes.  Unfortunately,  the  ratio  of  the  watts  with 
alternating  to  those  with  continuous  current  at  the  other  frequencies  in 
Table  11  is  not  sufficiently  large  to  justify  an  accurate  comparison.  All  through 
it  is  striking  how  small  is  the  variation  of  the  average  permeability. 
Its  value  is  greatly  affected  by  variation  of  wave-form.  For  instance,  in 
fig.  1,  where  the  change  of  magnetic  induction  B  is  rapidly  made,  the  average 
permeability  depends  largely  upon  the  maximum  value  of  B.  In  fig.  2  the 
change  of  magnetic  induction  B  gradually  takes  place  over  the  half  period, 
in  which  case  the  average  permeability  is  more  dependent  upon  the  inter- 
mediate values  of  B. 

(2)  The  watts  due  to  magnetic  hysteresis  have  been  calculated  from  the 
area  of  the  hysteresis  loops  as  follows.  The  maximum  values  of  the 
magnetic  induction  (B)  over  each  of  the  five  annuli,  corresponding  to  the 
maximum  values  of  H  obtained  from  the  distribution  curves  of  current 
have  been  found.  The  ergs  per  cycle  per  cubic  centimetre  given  by  the 
hysteresis  loop  corresponding  to  the  maximum  value  of  B  have  been  multi- 
plied by  the  frequency  cuid  the  volume  of  the  annulus  and  by  10"^  to 
reduce  to  watts.  These  values  have  then  been  added,  and  the  sums  are 
given  in  Table  II.  Eeferring  to  the  experiment  at  frequency  1/45,  in  which 
the  hysteresis  watts  are  824,  the  watts  which  would  be  dissipated  if  the 
distribution  under  continuous  current  (rendered  non-uniform  through  end 
effect)  persisted  at  this  frequency  are  1170,  and  if  the  distribution  under 
continuous  current  of  constant  density  obtained  the  watts  would  have  been 
1040.  This  bears  out  the  statement  that  the  watts  due  to  hysteresis  for  a 
given  total  current  are  diminished  by  the  effect  of  internal  self-induction, 
commonly  referred  to  as  "  skin  effect." 

(3)  Using  the  equation  E  =  Bx  +  —,  where  E  is  the  impressed  potential 

difference,  B  is  the  ohmic  resistance,  x  the  current,  and  I  the  total  magnetic 
field  external  to  the  annulus  considered,  it  was  thought  possible  to  check  the 
values  above  found  by  a  different  process.    The  value  of  dl/dt  was  found 

the  ratio  B/H  becomes  infinitely  great  when  H  =  0  ;  whereas  the  magnetic  induction  (B) 
at  that  moment  depends  entirely  upon  the  previously  applied  magnetising  forces.  This  it 
taken  account  of  in  the  differential  dB/dR,  as  this  is  the  slope  of  the  curve  at  the  point. 
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betfrttti  ilia  surface  of  the  cylinder  and  the   radii   1,  2,  3,  and  4  inches  ' 
imspmstimijt  as  foUowa      From  the  distribution  carves  of  current,  and  the 
hyUttqag  loop^the  wave-forms  of  B  were  plotted  for  average  radii  I^,  ^t^^  I 
and  4|  inohea    These  were  then  difiTerentiated  to  find  E.M.F/8,  which  were 
aUtq^Uad  bgr  tihe  area  of  the  aonulua  coneidered,  and  the  values  for  tha 
mpeolite  ammli  were  added  together ;  this   gave  the  value   dlfdt.    Hie 
aAot  of  tbe  magnetic  field  in  the  surrounding  air  space  was  proved  to  be 
neg^^Ue*    The  watts  taken  by  five  annul!  each  |  inch  deep  and  hamg 
ttveraga  tadii  of  1,  2,  3,  4,  and  4|^  inches  were  found  as  follows.     From  th& 
iiabSbiOitiiiM  owes    the    current    over   each   annul  us   waa    obtained   and 
HiMM  Cnft;  id&o    the  product  of    the   E.M.F,  (dlfdt)  external   to  each 
aamdiiB  and  tbe  current  {x)  was  found.      The  sum  of  these  gave  at  any 
jn^rlrl^M  Hia  total  watts.     The  average  over  a  period  then  followed.  *  Dividing 
tida  ttveiage  hf  the  volume  of  the  aunulus  tbe  watt-a  per  cubic  centinjetit 
Wile  obtainad  at  its  average  radius,     A  diatribution  curve  was  then  plotted 
giving  Ae  wattB  per  cubic  centimetre  in  terms  of  radius,  and  from  this  the 
aivacage  watta  al  radii  \,  1\,  2^^  3J,  and  4|  inches  were  obtained     MiUti- 
pl^jdi^  tbeae  valaes  respectively  by  the  volume  of  the  annulus  and  adding 
liMft  togather,  the  total  watts  were  obtaineiL    The  hysteresis  loss  ^/(/(^  1 
ooold  alao  be  fomid  separately  in  a  similar  manner.    Tbr^  oases  have  been  n 
worked  out,  and  the   results  are  given   in   Table  III,   together   with  the   . 
corresponding  figures  from  Table    II.     This  latter   method  could  not  be 
expected  to  yield  such  accurate  results  so  far  as  hysteresis  is  concerned,  since 
it  depends  upon  the  product  of  an  E.M.F.  and  current  largely  displaced  in 
phase. 

Table  IIL 


Frequency. 

Total  maximum 
current  in  amperes. 

Total  watts  taken 
from  Table  II. 

Total  watts  obtained 

bj  alternatiTe 

method. 

1/46 
(0  0222) 

1/860 
(0  -00278) 

(0-0222) 

1860 

1960 

600 

5520 

4480 

494 

6110 

4400 

480 

(4)  Beferring  to  the  ratio  of  the  C%  and  hysteresis  watts,  it  is  interesting 
to  note  that  for  a  given  total  ciurrent  the  ratio  diminishes  as  the  frequency 
increases,  the  increase  in  the  hysteresis  watts  due  to  increased  frequency 
much  more  than  counterbalances  the  decrease,  owing  to  the  greater  skin 
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effect  At  frequency  1/45  (0*0222)  and  maximum  total  current  of 
1000  amperes  the  skin  effect  is,  however,  so  great  (see  Table  I)  as  to  give 
a  ratio  3*9,  not  much  less  than  that  given  by  practically  the  same  total 
current  at  half  the  frequency. 

Experinunts  at  High  Frequency, — The  cylinder  was  translfcrred  to  the 
secondary  circuit  of  a  transformer,  and  various  currents  up  to  1000  iamperes 
were  passed  through  it  at  a  frequency  of  about  11  periods  per  second. 
A  dead-beat  galvanometer  was  employed  in  conjunction  with  a  commutator 
driven  by  spur  gearing  at  a  speed  differing  from  that  of  the  alternator  by 
1  part  in  10,000,  for  the  purpose  of  giving  the  integrals  of  the  curves  of 
E.M.F.  of  the  exploring  coils  1,  2,  3.  Large  E.M.F.'s  were,  of  course,  obtained 
in  the  case  of  coil  3,  but  none  in  the  case  of  coils  2  and  1.  The  sensibility 
of  the  galvanometer  was  such  that  a  terminal  voltage  of  7  x  10^  could  be 
detected.  Table  lY  summarises  the  results  obtained.  It  must  be  borne 
in  mind  that,  as  in  the  foregoing  experiments,  the  average  magnetic 
induction  B  is  assumed  to  be  effective  at  the  average  radius  of  the  coil. 
On  this  assumption  the  total  current  interior  to  the  radius  4  inches  is  only 
frum  3  to  5  per  cent,  of  the  total  current  in  the  cylinder.  The  actual  skin 
effect  is  much  greater  than  these  figures  indicate. 


Table  IV. 


Frequeney. 


Totals  current  in 
amperes. 


B.M.8. 


Maximnni, 


Maximum 
induction  B 
at  surface. 


Maximum  of 

average  induction  B 

through  Coil  3. 


Current  in  amperes 

interior  to  radius 

4  ins.  (maximum 

value). 


11-66 
10  0 
10-98 


987 
640 
371 


1800 

1090 

691 


14,260 
12,800 
10^ 


625 
490 
268 


56-4 
47-2 
30-3 


Application  of  Remits  to  other  Sections, — Comparing  two  cylinders  of  the 
same  material  whose  diameters  are  as  1 ;  ii,  it  was  shown*  that,  provided 
the  total  currents  are  as  l:n  and  the  frequencies  asn^il,  the  magnetic 
forces  at  similar  radii  will  be  the  same.  It  follows  also  that  the  total  watts 
due  to  C'K  and  magnetic  hysteresis  will  be  the  same.  Thus,  for  example, 
the  watts  given  in  Table  II  refer  also  to  a  wire  1  cm.  long  and  O'l  inch 
diameter,  provided  the  respective  frequencies  are  222,  111,  55,  and  28,  for 
each  of  which  the  total  amperes  are  5,  10,  and  20.  The  curves  in  figs.  1 
and  2  can  also  refer  to  a  cylinder  0*1  inch  diiuneter,  provided  the  respective 
frequencies  are  28  and  222,  and  the  total  current  is  10  amperes,  having  the 

*  Ibid, 
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same  wave^form.     Cylinders  httvitig  other  diameters  coiild  W  dealt  with  in 
tha  fi&me  way. 

[Nf^c  added  Fcbnmry  22,  1908. — Ix>rd  Rayleigh  *  experitueTiting  Mimi  % 
hard  Swedi^  ii'oii  vrire  O'lG  cm.  diameter,  found  that  the  ralifi  of  tin* 
i^esistance  with  alternating  to  that  with  coutinuous  currently  was  iiliuiit 
1'2  wht'n  the  frequency  of  the  alternating  cm  rents  was  1050.  On  the  alw^e 
assumptions  tliis  would  correspond  with  a  fi-equency  of  0*04  in  the  cms  of 
tlie  cylinder  10  inches  in  diameter.  Table  II  shows  that  at  fi'ef[iieiicj 
0"022  and  299  RM.S,  amperes  the  lutio  of  the  resistances  Is  I'S?*  Havuig 
i*egard  to  the  fact  that  the  specific  resistances  and  the  magnetic  qiialitiw 
tif  tlie  materials  of  the  two  cylinders  may  have  been  different,  anti  to  tk 
prrdiability  that  the  current  in  Lord  Kayleigb's  experiments  vva**  less  tlian 
1'9  ainpores,  which  is  the  current  correapondinj,^  to  2911  ani|M5re^  ld  ik 
10-inch  cylinder  (thereby  givinj;  lise  to  a  smaller  average  pern*eahility),  tlic 
ditteiBneu  in  the  ratio  t>f  rt^sistanoos  corresponding  to  given  frcquencieB  nm 
be  accounted  tor  J 


In  conclueion,  I  wish  to  thank  Mr.  Alexander  Siemens  for  the  Icum  of  (he 
dyuiinio  used  in  thetio  experiments,  I  also  wiBli  to  acknowledge  U^e  lielp 
I  have  received  frein  Mr.  A.  E-  O'dell  and  Mr.  (1.  F.  O'delh  Mr.  Rcibertwjn, 
Mr.  Franks,  and  some  of  my  senior  students  gave  me  valuable  assistance 
in  the  experimental  part  of  the  work,  for  which  I  wish  to  express  my 
thanka 

♦  '  Phil.  Mag.,'  1886. 
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The  Effect  of  Hydrogen  on  the  Discharge  of  Negative  Electricity 

from  Hot  Platinum. 
By  Professor  H.  A.  Wilson,  F.E.S.,  King's  College,  London. 

(Received  January  23, — Read  February  13,  1908.) 

(Abstract.) 

The  efifect  of  hydrogen  on  the  discharge  of  negative  electricity  from  hot 
platinum  was  examined  by  the  writer  in  1903  ;♦  it  was  found  to  produce  a 
very  large  increase  in  the  current.  The  experiments  were  all  done  with 
nearly  new  platinum  wires  which  had  not  been  heated  in  the  gas  for  any 
great  length  of  time,  because  it  was  known  that  long-continued  heating 
causes  the  wire  to  disintegrate.  The  present  paper  contains  an  account  of  a 
series  of  experiments  in  which  wires  were  heated  for  long  periods  in 
hydrogen,  so  that  any  changes  in  the  effect  of  the  hydrogen  could  be 
observed.  It  appears  that  continued  heating  in  hydrogen  alters  the 
character  of  the  effects  observed  so  that  the  behaviour  of  an  old  wire  may  be 
very  different  from  that  of  a  new  one. 

The  following  gives  a  short  abstract  of  each  section  of  the  paper : — 

1.  Assuming  that  x  =  Bp*,  where  x  denotes  the  current  per  square  centi- 
metre of  platinum  at  constant  temperature,  p  is  the  pressure  of  the  hydrogen, 
and  B  and  n  are  quantities  depending  only  on  the  temperature,  and  also 
that  X  =  Aff^er^'^,  where  0  denotes  the  absolute  temperature  and  A  and  Q 
depend  only  on  the  pressure ;  it  is  proved  that :  (1)  n=x0''^^Cy  where  «  and  c 
are  constants ;  (2)  Q  =  P— 2a  log  2? ;  and  (3)  A=Kp"^  These  equations  are 
shown  to  agree  with  the  observations. 

Eliminating^  from  (2)  and  (3)  gives  A  =  Kc<Q-^><^'^.  It  is  shown  that  all 
the  values  of  A  and  Q  for  new  wires  satisfy  this  relation,  including  those 
for  wires  in  air.  The  equation  (3)  is  therefore  modified  to  As=Ao/(l+ap*^), 
^here  Ao,  equal  to  K/(l  +  a),  is  the  value  of  A  in  air  or  when  jt?=0.  This 
equation  represents  all  the  values  of  A.    With  (4)  this  gives 

Q  =  Qo-2«c-"ilog(l  +  a2>^). 

The  equation  x  =  A^e"^^  may  now  be  written 

X  =  Ao(l  +a^)<-/^-i)  0^e-^i^. 

If  R=Qo+2(d-ac-i)log(l4-ap"),  then  a;=Ao^e-^  so  that  the  effect 
of  hydrogen  can  be  represented  by  supposing  that  it  changes  Q  without 
altering  A. 

*  *  Phil.  Trans.,'  A,  vol.  202,  1903,  p.  352. 
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If  D=Ati  ( 1  +  afy^^-^K  then.r=D^(H**^,  so  that  the  effect  of  hydrogen  caa 
be  represented  by  suppcising  that  it  changes  A  without  altering  Q, 

These  formulae  an*  shown  to  be  in  agi'eement  with  obsen^atious  by 
different  observers  over  a  vi^ry  wide  range  uf  tempemtni'e  and  pressure. 

Assuming  that  tlic?  effect  uf  the  hydrogtin  is  due  to  its  presence  in  ik 
surface,  layer  of  the  platinum,  the  oouclusion  is  tlrawn  that  the  hyilrogen  in 
new  wires  is  dissolved  in  tiie  platinum.  The  agreement  between  thefomnliK 
obtained  ami  the  observations  shows  that  the  equation  a-sE/i"  which  wiS 
assumed  at  the  start  is  c<^rrect. 

2.  It  is  shown  that  tlie  teak  from  a  wire  which  has  been  heated  iu 
hydrogen  at  a  high  prossuro  for  some  time  is  nearly  indetiendeut  of  tlie 
pressure  at  constant  temperature  between  0  and  200  mm.  of  mercurt* 
The  conclusion  is  drawn  that  the  wire  contains  hydrc^n  in  a  state  of 
stable  chemical  combination,  and  some  experiments  are  described  wkidik 
seem  to  support  this  view. 

3.  The  variation  of  the  leak  with  the  temperature,  from  a  wire  givii 
leak  independent  c^f  the  pressure,  is  measured,  and  i}  is  found  t« 
135,000  and  A  to  lie  l'67xl0*'^.  These  values  do  not  satisfy  the  relation  ^ 
A  =  Ke^**^^*^^  which  agrees  with  all  the  values  of  A  and  Q  for  new  wii^. 
On  heating  the  wire  in  air,  atul  then  a^ain  in  hydrogen  at  a  small  pressure, 
it  is  found  to  give  the  same  leak  as  a  new  wire  in  hydrogen ;  but  the  leak 
takes  a  longer  time  than  before  to  get  to  its  final  value  after  the  pressure 
has  been  changed.  The  conclusion  is  drawn  that  heating  in  hydrogen  at 
a  high  pressure  produces  a  permanent  change  in  the  state  of  the  platinum, 
which  is  not  removed  by  heating  in  air,  and  which  causes  the  hydrogen  to 
dissolve  more  slowly  in  the  platinum,  but  does  not  affect  the  final  value 
of  the  leak.  The  leak  in  air  is  about  the  same  at  high  temperatures  as  with 
a  new  wire. 

4.  It  is  shown  that  a  wire  which  has  been  heated  in  hydrogen  at  a  high 
pressure,  and  then  in  air,  on  heating  in  hydrogen  at  1600°  C.  gives  the  same 
leak  as  in  air.  But  at  lower  temperatures  the  leak  after  a  time  rises  to  the 
usual  value  in  hydrogen,  and  is  then  large  at  1600°  C.  also.  The  conclusiou 
is  drawn  that  the  wire  does  not  absorb  hydrogen  above  1600°  C.  If  the 
temperature  is  raised  when  the  leak  has  only  partially  recovered  from  its 
initial  very  small  value,  then  it  falls  on  raising  the  temperature  and  rises 
again  on  lowering  it. 

5.  It  is  shown  that  the  resistance  of  the  wire  is  slightly  incre€t8ed  when  it 
absorbs  hydrogen.  A  wire  giving  a  large  leak  independent  of  the  preasore 
was  heated  for  some  hours  in  a  good  vacuum,  and  then  on  heating  in  air  the 
resistance  fell  slightly.    The  conclusion  is  drawn  that  the  wire  stiU  contained 
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hydrogen.     Reasons  are  given  for  believing  that  the  stable  compound  only 
exists  in  the  surface  layer  of  the  platinum. 

6.  In  this  section  it  is  shown  that  the  recovery  of  the  leak  described  in 
Section  4  can  be  accelerated  by  passing  an  ordinary  discharge  through  the 
gas  from  the  wire  to  a  neighbouring  electrode. 

7.  The  negative  leak  in  hydrogen  is  compared  with  the  positive  leak  in 
oxygen,  and  it  is  shown  that  there  is  a  close  analogy  between  them. 

The  conclusion  is  drawn  that  the  negative  leak  is  produced  by  hydrogen 
in  the  same  way  that  the  positive  leak  is  produced  by  oxygen. 

In  the  absence  of  hydrogen  there  is,  however,  a  small  negative  leak  due  to 
the  platinum  alone. 

8.  In  this  section  it  is  shown  that  if  the  true  value  of  A  in  the  formula 
^= A^g-^*  is  denoted  by  D,  and  if  D  is  supposed  to  be  unaffected*  by  the 
hydrogen,  then  the  true  value  of  Q  is  given  by  the  equation 

R=Q  +  251og(D/A). 

It  is  shown  that  the  variation  of  the  negative  leak  from  lime  with  the 
.  temperature,  as  measured  by  Dr.  Horton,  is  not  really  inconsistent  with  the 
view  that  D  is  proportional  to  the  nimiber  of    free  electrons   per  cubic 
centimetre  of  lime. 

9.  This  section  contains  a  theory  of  the  variation  of  R  with  the  temperature. 
It  is  assumed  that  there  is  an  electrical  double  layer  at  the  surface  of  the 
platinum,  and  that  the  electric  force  in  this  layer  is  increased  by  the 
presence  of  electrons  in  it  between  the  two  layers.  The  increase  due  to  this 
cause  is  shown  to  be  greater  at  higher  temperatures.     It  is  shown  that 

R  =  Nii^/J-f47rN/3oe^W«VJM^, 

where  w  is  irrrat^  a  is  charge  per  unit  area  in  the  layers,  and  t  is  distance 
between  the  layers.     This  gives 

QMog(D/A)  =47rN3e3po^W^/J' 

It  is  found  that  a  value  for  D  can  be  obtained  which  makes  Q^  log  D/A 
nearly  constant.  This  is  explained  by  supposing  that  the  hydrogen  atoms 
in  the  platinum  are  positively  charged,  and  act  by  neutralising  some  of  the 
negative  charge  in  the  double  layer  without  altering  t. 

Adopting  this  value  of  D  as  the  true  value,  t  is  found  to  be  26  x  10"®  cm., 
which  agrees  with  the  thickness  of  the  double  layer  on  platinum  polarised  by 
hydrogen  in  dilute  sulphuric  acid.  The  charge  carried  by  the  free  electrons 
in  1  c.c.  of  the  platinimi  is  found  to  be  —  2'73  x  10"  electrostatic  units, 
which  shows  that  there  are  eight  free  electrons  to  each  atom  of  platinum. 

2  £  2 
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This  agrees  witli  tlie  fact  that  platiniim  is  an  oetovaleot  element. 

found  for  K  are  the  foUowini' : — 


ThevalneH 


0d*. 

Pressxire, 

E. 

Air  .., 

tmu, 

ODOia 

0-112 
133 

145,000+   0-68* 

110,000  +  19^5* 

iM),000  +  2S"l4fl 

56.000+36-18* 

Ht    , 

H,    

H, : 

The  value  of  D  adopted  ia  1^44x10*",  Init  this  may  l>e  m  error 
factor  of  10  or  more. 

The  view  taken  in  this  paper  is  that  tlie  effect  of  the  hydrogen  on  the 
leak  is  due  to  its  presence  in  the  surface  layer  of  the  platinnm.  To  explain 
this  it  ia  supposed  that  the  hydrogen  atoms  in  the  layer  are  poBitireljT 
charged,  so  that  they  diminish  the  charge  per  unit  area  in  the  electrical 
double  layer  covering  the  surface  of  the  platinum.  The  hydrogen  appean  to 
dissolve  in  the  platinum  at  first,  but  at  hjgh  pressures  in  time  forms  a  st&ble 
combiitation  with  the  platinum,  having  a  very  small  dissociation  pr^aure. 
Bt^fore  this  compound  has  been  formed,  the  leak  ia  proportional  to  a  power  of 
the  pressure  of  the  hydrogen. 
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Comparison  of  the  Board  of  Trade  Ampere- Standard  Balance 
tvith  the  Ayrton-Jones  Curi'ent- Weigher ;  with  an  Appendix 
on  the  Electromotive  Force's  of  Standard  Cells. 

y  T.  Mather,  F.RS.,  Central  Technical  College,  London,  and  F.  E.  Smith, 
A.R.C.S.,  National  Physical  Laboratory,  Teddington. 

(Received  March  10,— Read  March  26,  1908.) 

When  the  Board  of  Trade  ampere  balance  was  set  up  and  verified  in  1894, 
te  platinum  weight  (marked  A)  used  with  the  instrument  was  adjusted  so 
bat  a  current  which  deposited  silver  from  a  15-per-cent.  solution  of  silver 
itrate  at  the  rate  of  1*118  milligrammes  per  second  produced,  on  reversal, 

change  of  force  equal  to  the  weight  of  A.  At  that  period  such  a  current 
ras  believed  to  represent  the  ampere,  viz.,  1/10  of  a  C.G.S.  unit,  with  a  fair 
egree  of  accuracy. 

During  the  last  few  years  a  new  current  weigher,  designed  at  the  Central 
'echnical  College,*  has  been  constructed  at  the  National  Physical  Laboratory 
dth  a  precision  previously  not  obtained  in  any  instrument  for  the  absolute 
etermination  of  current  strength,  and  by  means  of  it  the  electrochemical 
quivalent  of  silverf  has  been  determined  to  a  very  high  degree  of  accuracy. 
Ve  therefore  considered  it  of  interest  to  determine  the  difference  between 
he  units  of  current  as  measured  by  the  two  balances,  and  at  the  same  time 
scertain  how  nearly  the  ampere,  as  measured  by  the  Board  of  Trade  balance, 
eposits  silver  at  the  rate  of  1118  milligrammes  per  second.J 

The  comparison  of  the  two  balances  was  carried  out  by  the  aid  of  cadmium 
ells  and  resistances  used  as  secondary  standards  of  current ;  for  example,  if 

current  be  passed  through  a  resistance,  and  the  strength  of  the  cun^ent 
djusted  until  the  potential  difference  between  the  terminals  of  the  resistance 
J  equal  to  the  E.M.F.  of  a  standard  cell,  then,  when  the  cell  and  coil  are  at 
iven  temperatures,  a  j^erfectly  definite  current  must  be  passing  through  the 
oil.  If  this  current  be  determined  in  absolute  measure  by  means  of  a 
urrent  weigher,  such  as  described  in  the  paper  previously  mentioned,  the 

♦  "  A  New  Current  Weigher  and  a  Determination  of  the  Electromotive  Force  of  the 
formal  Cadmium  Oil,"  by  Professor  W.  E.  Ayrton,  F.R.S.,  T.  Mather,  r.R.S.,  and 
\  E.  Smith,  A.R.C.S.,  *  Phil.  Trans.,'  A,  vol.  207,  pp.  463—544. 

+  "The  Silver  Voltameter,"  by  F.  E.  Smith,  A.R.C.S.,  T.  Mather,  F.RS.,  and 
'.  M.  Lowry,  D.Sc.,  *  Phil.  Trans.,'  A,  vol.  207,  pp.  546—599. 

J  We  may  here  remark  that  the  official  limit  of  accuracy  applied  to  the  Board  of  Trade 
tandard  of  current  (not  to  the  instrument)  is  one-tenth  part  of  1  per  cent.  See  order  in 
bancil,  1894. 
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combination  of  cell  and  coil  isi  standardised,  and  can  be  used  subsequently  as 
a  socondaf y  standard  of  current.  Knowing  the  relations  between  E,M.F.  and 
temperature  for  the  cell,  and  between  resistance  and  temperature  for  the  coil, 
the  current  required  to  produce  equahty  of  1\D.  and  E.iI.F.  at  any  given 
temperatures  can  be  found.  The  combination  of  cell  and  resistance  can,  there* 
fore,  be  use*!  as  a  secondary  standard  of  curiae nt,  at  temperatures  other  thafi 
those  at  which  they  were  standardised. 

A  set  of  five  cadmium  cells  set  up  at  the  National  Physical  Laboratory 
was  connected  in  parallel  and  used  as  one  cell  in  the  nie^suremFiita,  a  sixth 
cell  in  the  same  oil  bath  being  employed  in  making  the  prelimiJiarj^  adjust- 
ments of  current  strengtli. 

The  prtnclpal  resistance  coil  used  in  the  tests  was  a  1-ohm  standard, 
marked  L  87,  which  was  employed  in  the  determination  of  the  K.M.K,  of 
the  Nonnal  Weston  Cadmium  Cell*  Two  other  coils,  each  0*01  olim  (oominal). 
were  also  made  use  of  in  some  of  the  comparisons.  All  three  coils  have 
potential  terminals.  The  resistances  were  measured  to  a  Iiigh  degree  of 
accuracy  at  the  National  Physical  Laboratory ;  their  values  in  international 
ohms^  and  those  of  tlieir  cuiTout  leads  and  copper  blocks  with  mercury  eiips 
for  oonnecting  the  coils  la  series,  are  given  in  Table  I. 

Table  L — Values  of  Eesistances  employed  (International  Ohms  at  17*^  CJ% 

Coil  No.  L.  87  (between  potential  terminals) 1*000202 

2200        „  „  0-010004 

2492        „  „  0010001 

CuiTent  leads  of  L.  87 -f  two  half  blocks  (mercury  cups)  O'OOOIS* 

One  current  lead  of  No.  2200 -hone  half  block  (mercury  cups)  0*00004« 

2492+   „  „  „  0-000044 

Sum  of  the  above l-02043i 

Temperature  coefficient  (°  C.)  of  coil  L.  87 +  O'OOOOl^ 

No.  2200    +00OO0O65 

No.  2492    -f-O-OOOOlos 

After  standardising  the  combination  of  cells  and  resistance  by  means  of 
the  Ayrton-Jones  current  weigher  at  Bushy,  they  were  taken  by  hand  to 
the  Board  of  Trade  Laboratory  at  Whitehall,  and  set  up  in  a  circuit 
including  the  Board  of  Trade  balance.  Previous  to  making  any  measurements 
the  insulation  of  the  apparatus  from  earth,  and  that  between  the  stranded 
wires  connecting  the  balances  and  resistances,  were  tested,  and  found  to  be 
quite  satisfactory. 

*  *  Phil.  Trans./  A,  vol.  207,  p.  520. 
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Two  methods  of  comparison  were  made  use  of.  In  one  of  these,  represented  by 
fig.  1 ,  a  current  (about  1*019  amperes)*  sufficient  to  give  a  P.D.  between  the  ends 


Fig.  1. 

D  indicates  the  Board  of  Tiude  balance,  A  the  auxiliary  Kelvin  balance  used  with  D, 
C  adjustable  carbon  resistances,  I  iron  wire  ballast  resistances,  B  a  battery  of 
64  accumulators,  B!  a  standard  l-ohm  resistance  coil  L.87,  S  a  set  of  5  cadmium  cells 
in  parallel,  S'  an  auxiliary  cadmium  cell,  T  a  switch  for  connecting  either  S  or  S'  in 
circuit,  G  a  galvanometer  and  K  a  key,  £  and  F  are  the  potential  terminals  of  K'. 

of  the  1-ohm  coil,  L.  87,  equal  to  the  E.M.F.  of  the  cadmium  cell,  was  passed 
through  the  circuit.  Additional  weights,  calculated  approximately  from  the 
known  value  of  this  current,  and  the  known  mass  of  the  platinum-iridium 
-weight  A,  used  with  the  balance,  were  added  to  the  standard  weights,  so  that 
the  suspended  coil  would  come  near  the  sighted  position  when  the  correct 
current  was  flowing.  The  current  was  then  adjusted  so  as  to  give  exact 
balance  on  the  galvanometer  G,  fig.  1,  and  the  rest-point  of  the  balance 
determined  by  the  vibration  method.  The  current  through  the  fixed  coils  of 
the  balance  was  then  reversed,  readjusted,  and  the  rest-point  of  the  balance 
again  determined.  From  the  two  rest-points  thus  foimd,  and  the  known 
sensibility  of  the  instrument,  the  mass  required  to  balance  the  change  of 
force  on  reversal  was  calculated.     The  square  root  of  the  ratio 

Balancincr  mass    i 


Mass  of  weight  A 

gives  the  value  of  the  current  in  Board  of  Trade  amperes. 

In  the  other  method  of  comparison  the  Board  of  Trade  balance  was  used 
in  the  normal  way,  without  any  additional  weights,  the  current  being 
adjusted  to  1  Board  of  Trade  ampere  approximately,  as  in  ordinary  verifica- 
tion tests.  This  current  passed  through  the  standard  resistances  r,  r\  R', 
arranged  as  shown  in  fig.  2,  and  the  resistance  box  Kj  shunting  the  potential 

*  The  value  used  in  standardising  the  combination  of  cells  and  coils, 
t  The  masses  of  the  weights  used  were  determined  to  a  high  order  of  accuracy  by  the 
Office  of  Standard  Weights  and  Measures,  for  which  we  tender  our  best  thanks. 
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terminals  of  R',  was  adjusted  until  the  RD,  l>etween  the  points  H  and  I 
equalled  the  E.M,F*  of  the  standard  cell  S.     When  this  condition  exists^  the 


#h 


'^11 


FtG. 


The  tetters  have  the  naiue  meaning  a^  in  fig.  1.  In  addition,  H  mid  JT  Wkve  tb^  out 
potential  terminal  of  two  coilsj  r  and  r\  of  0*01  ohm  oachf  And  R  indicatei^  &  bov  i 
fnangatiiu  i^eaiatanee  f^oila  shunting  H\ 

current  through  the  circuit,  in  terms  of  the  Ayrton-Jgiies  halauce,  is  <^iv€ 

by  the  formula 

whichj  since  H'  =  1,  wery  nearly,  umy  he  written 

where  E  is  the  known  E.M.F.  of  the  cell,  and  r-f^'  +  R'  the  resistance  of  the 
three  coils  and  the  contact  blocks  and  current  leads  included  between  the 
points  H  and  J. 

To  obtain  checks  on  the  constancy  of  the  cells  and  coils  the  combination 
was  standardised  by  the  Ayrton-Jones  balance  at  Bushy  on  each  of  the 
three  days,  January  6,  7,  and  8,  on  which  comparisons  were  made  at 
Whitehall ;  this  procedure,  in  effect,  made  it  imnecessary  to  know  either 
E.M.F.  or  resistance  in  absolute  measure,  as  the  ratio  only  is  required,  and 
this  was  determined  directly  by  the  current  weigher. 

The  results  of  the  tests  are  given  in  Table  II.  From  this  it  will  be  seen 
that  the  currents,  as  measured  by  the  Board  of  Trade  balance,  are  approxi- 
mately 0*033  per  cent,  higher  than  their  values  in  terms  of  the  Ayrton-Jones 
balance.  Tlie  Board  of  Trade  ampere  is  therefore  about  1/30  per  cent. 
smaller  than  1/10  of  the  C.G.S.  unit  of  current  as  realised  by  the  Ayrton-Jones 
cun-ent  weigher,  A  difference  of  this  order  of  magnitude  was  anticipated 
by  the  authors,  for  the  new  determination  of  the  electrochemical  equivalent 
of  silver,  previously  referred  to,*  gives  1*11827  milligrammes  of  silver  per 
*  *Phil.  Trans.,'  A,  vol.  207,  p.  579. 
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coulomb,  whereas  the  Board  of  Trade  ampere  was  intended  to  be  such  as 
would  deposit  1*118  milligrammes  per  second. 

Table  XL 


1 

Date. 

Method 
used. 

Value  of  B 
(ayerage). 

Current  as  measured  by 

Percentage 
difference. 

1       No.  of 
experiment. 

i 

Board  of 

Trade 

balance. 

Ayrton- 

Jones 

balance. 

1 

!          1 

2 
3 

4 
5 
6 

6.1.081 
7.1.08^' 

ai.'osl 

::  J 

Added 
weights 

1-ohm  coil 
shunted 

r      682 
J       638 
1       780 

L      696 

1  -0186i 
1-0188, 
,  10000 
1-OOOOe 
0-9998; 
0-99985 

1-01836 
1-01888 
0-99970 
0-99973 
0-99951 
0-99956 

0  02j 
0-044 
0  03o 
0-03, 
0  08. 
0-02, 

Average  of  1  and  2  =0*034 

„  3,  4,  5,  and  6 ^O-OSj. 

The  percentage  diflference  between  the  two  numbers  1*11827  and  1*118  is 
©•024,  and  this  differs  from  O'OSa  per  cent,  by  O'OOe  per  cent.,  or  less  than  1 
part  in  10,000.  We,  therefore,  conclude  thcU  the  Board  of  Trade  ampere  is 
equal  to  the  internaiioiud  ampere,  as  defined  by  silver  deposit,  within  1  part  in 
10,000,  i.e.,  ivithin  1/100  part  of  1  per  cent. 

This  result  is  highly  satisfactory,  seeing  that  the  instrument  was  set  up 
about  14  years  ago.  It  reflects  great  credit  on  the  gentlemen  responsible 
for  the  adjustment,  and  shows  that  the  care  and  skill  with  which  the  work 
was  carried  out  was  of  a  very  high  order.  The  very  close  agreement  also 
supplies  evidence  in  favour  of  the  constancy  of  instruments  of  this  class, 
aud  confirms  the  decision  'arrived  at  by  the  Committee  of  1891 — 94,*  that 
the  principle  of  the  balance  was  the  best  one  to  employ.  It  also  gives 
support  to  the  opinions  of  Professor  Ayrton  and  the  authors,  formed  after 
an  extensive  experience  with  the  Ayrton-Jones  balance,  that  cuirent 
tveiglurs  properly  designed  and  constructed  are  the  most  satisfactory  standards 
of  current. 

It  is  interesting  to  notice  that  according  to  these  experiments  the  Board 
of  Trade  ampere  will  deposit  silver  at  the  rate  of  1-11827/1'00033,  i.e., 
1 -11791,  milligrammes  per  second,  a  value  which  is  nearly  identical  with  the 

♦  This  Ck>mmittee  consisted  of  Sir  Courtenay  Boyle,  Mr.  Francis  J.  S.  Hopwood,  and 
Major  P.  Cardew,  representing  the  Board  of  Trade  ;  Mr.  Preece  and  Mr.  Graves,  repre- 
senting the  Postal  Telegraph  Department ;  Lord  Kelvin  and  Lord  Bayleigh,  the  Boyal 
Society  ;  Professor  Carey  Foster  and  Mr.  B.  T.  Glazebrook,  the  British  Association  ;  and 
Dr.  J.  Hopkinsou  and  Professor  W.  £.  Ayi'tou,  the  Institution  of  Electrical  Engineers. 
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uumber  lvH79i  given  by  Lord  Kajieigh  and  Mrs.  Sidgwick  m  their  classical 
memoir  of  1884 

We  degiTB  to  express  our  hearty  thanks  to  Mr.  A.  P.  Trotter,  Electrical 
Adviser  to  the  Board  of  Trade,  for  permitting  us  to  make  the  compariBouft, 
and  also  for  the  valuable   help  he  and  Mr.  Eennie  rendered  during  tlw 
experiments.    We  am  also  indebted  to  Professor  AjTton  and  Dr.  Glazebrook 
for  the  kind  interest  they  have  taken  in  the  work,  and  the  facilities  affDrded 
for  carrying  it  out 

Appmdix,  rsceimd  March  20,  1908. 

In  the  above  coramuuicatioti  we  have  stated  the  relation  between  the  - 
of  Trade  ampere  and  the  amj-iei^  as  determined  by  the  Ayr  ton- Jones  balance. 
This  Illation,  together  with  the  results  given  in  a  previous  paper  on  '*  A  N<?w 
Cuirent  Weigher,  etc."*  by  Professor  Ayrton  and  ourselvea,  enable  us  to 
deduce  the  E.M.F/b  of  the  normal  Weston  and  Otark  cells  in  terms  of  the 
Board  of  Trade  ampere  and  the  Board  of  Trade  ohm.  In  the  last-mentioned 
paper  we  have  shown  that  the  E.M.F.  of  the  normal  cadmium  cell^  in  terms 
of  the  ampere  as  given  by  the  AyrUin-tTones  balance  and  the  interna tional 
ohm  as  realised  at  the  National  Physical  Laboratory,  is  1  "01830  at  17^  C,*^ 
and  for  the  normal  Clark  cell  the  value  ia  1^4323  at  15*^  C.  ^ 

Now,  a  comparison  of  resistances  made  by  one  of  us  (F.  E.  S.),  in  1903,  gave 
the  following  relation : — 

1  N.P.L.  international  ohm  =  lOOOlsf  Board  of  Trade  ohms  ; 

and,  as  above, 

1  Ayr  ton- Jones  ampere  =  1  00033  Board  of  Trade  amperes. 

The  ratio  between  the  values  of  C  x  E  is  therefore 

1  :  1-00015  X  1-00033, 
Ir.,     1:1-00048; 

hence  we  find  that  the  E.M.F.  of  the  normal  Weston  cell  is 
1 '01830  X  1-00048  Board  of  Trade  volts,J 
=  1-01879  Board  of  Trade  volts  at  17°  C. 

*  *  Phil.  Trans.,'  A,  vol  207,  p.  536. 

t  Ibid.,  p.  536  ;  also  B.A.  Report,  1903,  pp.  43—4. 

I  The  Board  of  Ti-ade  volt  being  defined  as  the  P.D.  between  the  terminals  of  a  resist- 
ance of  1  Board  of  Trade  ohm  when  a  current  of  1  Board  of  Trade  ampere  is  passing 
through  it. 
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Eeducing  to  20°  C.  by  the  accepted  formula,  we  get 

E.M.F  =  1-01868  Board  of  Trade  volts  at  20°  C. 

The  value  published  by  the  Eeichsanstalt  is  1*0186  volts  at  the  same 
temperature. 

For  the  normal  Clark  cell  we  have 

E.M.F.  in  Board  of  Trade  volts  =  1-4323  x  1-00048  at  15°  C. 

=  l-433o 

This  value  is  in  good  agreement  with  the  number  1*4329  determined 
directly  by  Mr.  Trotter  at  the  Board  of  Trade  laboratory  in  1904.* 

It  is  gi^atifying  to  find  such  a  close  approximation  between  the  results 
obtained  in  the  two  distinct  ways. 

♦  *In8t.  Elec.  Eng.  Joum./  vol.  35,  p.  19,  1905;  also  *  Electrician,'  vol.  53,  p.  916, 
Sept.  23,  1904.  Mr.  Trotter  writes,  20/3/08,  sayiog,  "Subsequent  recalculation  of  the 
figures  makes  the  figure  1*4329  preferable  to  1*4328,  published  in  the  '  Electrician.' '' 
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JR<*  Hejractive  Inde^r  and  Dii^pevMOn  of  Light  in  Argo7i  and 

Helium. 

By  W.  BURTON\  B*A,,  B,Sc.,  Eeaeareb  Student,  formerlj'  Scholar,  oJ 
Emmanuel  Colloge,  Cambridge, 

(Commmiicated  hy  Professor  J.  J.  Thomson,  F.RS.    Eeceived  January  1^^— 
Rejid  January  30,  1908,) 

The  initial  object  i)f  thifl  research  was  to  find  the  dispersion  of  light  in  tbe 
monatomic  gascR  argon  and  helium,  but  as  it  was  oec^sary  to  know  the 
absolute  value  of  the  refractive  index  with  considerable  accuracy,  determina- 
tions of  the  refractive  index  have  also  been  made.    Their  relative  refractive 
powers  (air  =  1)  have  been  found  by  Eayleigh,*  aud  Eanisay  and  Travers,t 
using  coloured  interference  fringes,  but  no  deter  mi  nations  of  the  absolute 
refractive  index  for  light  of  given  wave-length  have  hitherto  been  made. 

The  interferometer  method  due  to  Jamin  was  used.  A  horizontal  beam  ot  ^ 
parallel  white  light  was  incident  on  the  first  Janiin  plate.  The  two  refiectedlf 
beams  traversed  two  brass  tubes  of  equal  length  closed  by  equal  thicknesses 
of  worked  plane  glass.  Each  brass  tube  ha*l  a  small  side  tube  attached 
wh ich  led  to  apparat ii s  !r>r  al te rin g  the  dc nsity  in  t b r>  1 1 1 1 1* *  in i « 1  n i »^ a s n r I ru ^  i t< 
pressure.  After  reflection  at  the  second  Jamin  plate,  the  recombined  beam 
was  focussed  on  the  slit  of  a  spectrometer,  the  spectrum  obtained  with 
a  plane  diffraction  grating  was  examined  through  the  telescope  of  the 
spectrometer  and  was  seen  crossed  by  bands  of  maximum  and  minimum 
intensity.  At  the  same  time,  by  means  of  a  small  reflecting  prism,  a  portion 
of  the  slit  was  illuminated  by  the  light  from  a  Pliicker  tube  containing 
hydrogen,  helium,  and  mercury  vapour.  Thus  one  observed  simultaneously 
the  interference  bands  and  certain  standard  lines  of  known  wave-length  with 
any  one  of  which  the  cross  wire  of  the  telescope  could  be  brought  into 
coincidence. 

Jirfracfive  Lidex. — The  refractive  index  {n^)  of  a  gas  at  QP  C.  and  760  mm. 

/X 
j^xv.»^ov*i^x^x  ^.^i^uv,.  ,Tc*,v.  *v>**5.x*  ,vxo^x,v..x  ^j  ,^Q—^  —  v^-rw*,.^.  ,v/.zg— ,  where 

t^  C.   is    the    temperature,   a    is    the    coefficient    of    expansion,  f  is    the 
number  of  bands  which  move  over  the  standard  line  of  wave-length  X  as  the 
pressure  changes  by  P  cm.,  and  L  is  the  length  of  gas  path  in  the  tube. 
The  values  of  X  and  L  are  determined  once  for  all,  and  those  of  /,  P,  t  are 

*  Rayleigh,  *Roy.  Soc.  Proc.,'  vol.  69,  p.  203. 

t  Ramsay  and  Travers,  *  Roy.  Soc.  Proc.,'  vol.  64,  p.  190,  and  vol  67,  p.  331. 
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observed  in  each  experiment  as  described  below.    The  gas  laws  are  assumed 
to  hold    for  argon  and  helium  over   the  limited  ranges    of   pressure  and 
temperature  used,  and  a  is  taken  as  equal  to  0*00367. 
Dispersion, — 

Let  X  and  \'  be  the  wave-lengths  of  two  standard  lines, 

n  and  n  the  corresponding  refractive  indices  under  pressure  H, 
Til  and  rii  the  corresponding  refractive  indices  under  pressure  Hi, 
S  the  diminution  in  number  of  fringes  between  the  standard  lines 
when  the  pressure  changes  from  H  to  a  less  pressure  Hi. 

If  /  be  the  number  of  bands  crossing  \,  then/-f  S  is  the  number  of  bands 
crossing  X',  so  that  the  difference  of  path  introduced  is 

(71  — ??i)L=/\, 

and  (n'-7u')L  =  (/+S)X'. 

Thus  ^_a'  =  (l  +  |)^\ 

71— 7?1  \         fix 

Also,  from  Gladstone  and  Dale's  law, 

71— 1_  Hi- 1  _   ''^^'^ 
"H"""    Hi     "H-Hi' 

7i/  — 1  _  7ii'  — 1  _  n'  —  111 

H      ar  "H^^ 

Substituting  for  (ti- «i)  and  (ti'- 7ii'),  we  get 

71   — 71  M_L^\^        1 


n-l      \     'fix 
Again,  from  Caucby's  equation, 

(n_l)  =  „(l+^| 

.,  .                                  n'-n      ^\F»~XV 
we  obtain = 1 — '-. 

Equating  these  values,  we  get 

-K(-|)r-}/(^.-('-?-)r}- 

The  quantities  to  be  determined  are  X,  X',  i  and/ 

The  two  former  are  known,  and  the  latter  are  observed  as  described  below. 

If  the  absolute  value  of  the  refrawjtive  index  n  be  known  for  any  |  wave- 
length X,  then  by  substituting  for  7^,  X  and  \  we  determine  a  in  Cauchy's 
equation. 


placed  quite  close  to  it.     The  collimatingltube  was  supported  on  an  adjustable 
stand,  so  that  one  could  thus  get  a  parallel  horizontal  beam  of  white  light. 
The  brass  tube  in  which  the  Nernst  lamp  was  mounted  Vas  perforated  in  the 
neighbourhood  of  the  filament  with  a  ring  of  holes  about  1  cm.  in  diameter, 
so  that  the  collimator  tube  should  not  get  too  hot :  and  radiation  from  it  was 
prevented  from  reaching  the  optical  tubes  by  screens  of  tin. 
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rUerferameter, — The  dimensions  of  the  Jamin  plates  were  6x4x3  cm., 
reflecting  surfaces  being  6x3  cm.  After  silvering  the  back  reflecting 
ace  of  each  plate,  each  was  placed  on  an  adjustable  screw  stand  at  a  con- 
ient  distance  apart,  so  that  two  horizontal  parallel  beams  of  white  light 
jed  between  them. 

he  brass  tubes  to  contain  the  gases  were  mounted  in  shallow  grooves  on 
adjustable  wooden  support,  and  so  placed  that  one  of  the  i-eflected  beams 
ed  through  each  tube.  The  tubes  were  wrapped  in  cotton  wool,  and  a 
mometer  reading  to  tenths  of  a  degree  lay  between  them.  The  tubes 
5  109*95  cm.  long  and  about  0*8  cm.  internal  diameter.  They  were  closed 
ich  end  by  worked  pieces  of  plane  glass,  1  cm.  thick,  attached  by  means 
2ment.  These  glass  ends  were  held  in  place  by  perforated  screw  caps 
cemented  in  position,  so  that  the  tubes  were  capable  of  standing  a  con- 
•able  internal  pressure.  Into  each  tube  a  smaller  side  tube  was  screwed 
Boldered,  for  attachment  to  the  apparatus  for  altering  the  pressure.  The 
s  and  plane  glass  ends  were  obtained  from  Messrs.  Adam  Hilger  Jind  Co. 
recombined  beam  was  focussed  on  the  slit  of  a  spectrometer  by  means  of 
IS  of  short  focal  length.  The  stands  supporting  the  above,  and  the  source 
jht,  were  all  on  a  heavy  slate  slab  built  upon  brick  supports  on  the 
rid  floor  of  the  laboratory.  The  apparatus  was  thus  free  from  vibration 
C2onsequent  displacement  of  fringes. 

i€  Analysing  Apparatus. — The  image  of  the  filament  produced  by  the 
:i-focus  lens  on  the  slit  of  the  spectrometer  covers  only  about  1  mm.  of 
central  portion  of  the  length  of  the  slit,  so  that  the  spectrum  observed, 
5  a  plane  diffraction  grating  in  the  usual  way,  is  narrow  in  a  vertical 
ttion  and  is  crossed  by  bands.  By  adjusting  one  of  the  Jamin  plates 
i  bands  can  be  obtained  vertical  and  at  a  convenient  distance  apart.  This 
atment  is  most  conveniently  made  in  the  first  place  with  a  sodium  flame 
mrce.  By  altering  the  width  of  the  slit,  the  minima  can  be  made  more 
tBS  black,  and  there  is  a  cross  wire  in  the  eye-piece  of  the  telescope  which 
be  brought  into  coincidence  with  the  middle  of  any  one  of  these  dark 
ds. 

'tandard  Lines  in  the  Spectrum, — These  were  obtained  from  a  small 
cker  tube  containing  hydrogen,  helium,  and  mercury  vapour.  By  the  use 
small  reflecting  prism  a  portion  of  the  slit  was  illuminated  by  the  light 
a  the  narrow  part  of  the  Pliicker  tube,  when  certain  well-defined  lines  of 
wn  wave-length  could  be  observed.  The  lines  used  were  five  in  number, 
y  distributed  across  the  visible  spectrum.  That  there  was  no  measurable 
r  introduced  by  this  means  of  illumination  was  shown  by  using  at  the 
3  time  another  similar  tube  placed  directly  in  front  of  the  slit,  when  the 
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liaes  seen  were  continuous*  The  standard  lines  used  were  the  hydrogea  red 
(6'd63xl0"'*  em.),  helium  yellow  (5*876  x  10"*  cm.),  merciuy  greet 
(5*461x10"*  om,),  helium  green  (d"016x10"*  cm*),  aiid  hydrogen  bltie 
(4*861  X  10-*  cm,). 

In  determining  the  absolute  refractive  index,  the  sodium  Dj  liol 
(6"896xl0"*  cm,)  was  used^  the  slit  being  illtiminated  directly  by  a  Bodiutn 
flame,  whilst  the  cross  wire  was  fixed  in  eoinciderice  with  the  Dt  line. 

Press^ire  Mium  firm  cut, — With  the    tubes  used,  a    change  of  pressure  d 
1  atmosphere  may  eause  the  transit  of  about  500  bands  in  the  case  of  argon, 
and  of  about  60  bands  in  the  caae  of  helium.     Hence  if  one  wishes  to  get 
300  bands  by  in  the  latter  case  there  must   be  a  pressure  range  of  h 
atmospheres,  whilst  in  tli«  former  case  a  range  of  |-  of  an  atmosphere  will 
suffice.     It  was  necessary  therefore  to  adopt  different  methods  for  altering 
the  presBui'e  in  the  two  tnbes.  m 

Argmi, — The  apparatus  used  in  the  case  of  ai-gon  was  essentially  the  same 
as  that  adopted  by  Eayleigh,*  for  comparing  refractivities.  It  ia  shown 
diagram matioally  in  fig,  2,  and  the  method  of  changing  ami  measuring 
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Fig.  2. 


Fio.  3. 


pressure   is  obvious.      The  reservoir  is  of  about  500  c.c.  capacity,  and  the 

manometer  limbs  of  5  mm.  diameter.     The  reservoir  is  joined  to  the  optical 

tubes  by  compo  tubing  of  4  mm.  bore.     This  tubing  is  soldered  to  the  side 

*  Rayleigh,  *Roy.  Soc.  Proc.,'  vol.  59,  p.  203. 
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tube  of  the  optical  tube,  and  fastened  by  sealing  wax  to  the  glass  tubing 
leading  from  the  reservoir.  Except  for  the  gauge  tubinc;^  and  the  end  into 
which  the  compo  tubing  is  sealed,  all  the  glass  tubing  is  of  capillary  bore. 
This,  of  course,  is  used  to  get  the  maximum  pressure  change  from  a  given 
volume  (100  c.c.  q.p.)  of  gas.  The  reservoir  and  optical  tube  could  be 
exhausted  from  the  side  tube,  and  through  tliis  side  tube  also  the  gas  could  be 
introduced.  After  the  gas  is  put  in,  the  side  tube  is  sealed  off  at  a 
constricted  part.  The  pressure  was  read  on  a  cardboard  millimetre  scale 
placed  behind  the  manometer  tubes.  This  scale  was  glued  on  to  the  wooden 
support  and  was  afterwards  tested  against  a  standard  brass  scale.  Over  the 
range  of  pressure  that  was  to  be  used,  the  scale  readings  were  accurate  to 
well  within  1/10  mm.  Headings  were  taken  on  the  scale  by  eye  to  1/10  mm. 
after  a  rise  in  both  limbs  of  the  manometer  had  been  caused  by  constricting 
the  pressure  tubing  below  the  gauge.  Three  such  readings  at  least  were 
taken,  and  the  mean  value  used. 

Hdium. — The  method  of  changing  and  measuring  the  pressure  will  be 
seen  from  an  inspection  of  fig.  3.  The  longer  reservoir,  about  105  cm.  long  and 
11  sq.  cm.  cross  section,  is  connected  above  with  the  pressure  and  indicator 
gauges,  and  through  compo  tubing  with  the  optical  tube.  Below  it  is 
connected  through  a  steel  tap  with  a  shorter  cylindrical  reservoir  about  55  cm. 
long  and  18^  sq.  cm.  in  cross  section.  As  much  mercury  is  introduced  as 
will  fill  the  longer  reservoir,  and  about  10  cm.  in  length  of  the  shorter 
reservoir.  This  leaves  about  660  c.c.  in  the  longer  reservoir  to  be  occupied 
by  the  gas  at  atmospheric  pressure.  The  cylindrical  reservoirs  were  made 
from  ordinary  iron  steam  piping,  and  the  smaller  tubing  with  which 
mercury  would  come  in  contact  was  of  steel;  all  connections  were  made 
by  screw-in  joints  and  sealing  wax,  the  latter  being  melted  into  the  hot 
thread  before  screwing  the  tubes  into  position.  Above,  where  the  mercury 
did  not  extend,  brass  T-pieces  and  tubing  were  used,  and  the  connections 
\¥ere  made  by  screw-in  joints  and  solder.  The  glass  tubing  for  gauges 
was  of  capillary  bore,  about  2  mm.  diameter,  and  fastened  in  position  with 
sealing  wax.  The  internal  diameter  of  the  brass  or  steel  tubing  into  which 
the  glass  tubes  wei'e  fitted  was  widened  for  the  last  2  or  3  inches,  so  that 
the  glass  tube  could  just  fit  in,  and  so  that  the  end  could  press  up  against 
the  ledge  formed  by  the  difference  in  internal  diameter.  The  pressure 
change  was  produced  by  forcing  mercury  from  the  shorter  reservoir  into  the 
longer  one.  This  was  done  by  pumping  air  into  the  former.  To  do  this, 
the  valve  from  a  motor  tyre  was  soldered  on  the  top  of  the  shorter  reservoir, 
and  a  foot  pump  used  for  motor  tyres  enabled  a  pressure  up  to 
10  atmospheres  to  be  obtained  if  necessary.    The  steel  tap  was  then  closed 
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and  the  valve  opened.     By  tuniing  the  steel  tap  now,  and  slowly  mincing 
tho  pressure,  it  was  quite  easy  to  count  the  bandB  as  they  moved  as  Blfiwiy 
as  desired  over  the  orose  wire.     Whilst  taking  ohservations  for  the  refmctive 
index,  one  limb  of   the  manometer  gauge  was  open.    The  pressure  range 
then  measured  was  about  1300  mm.     Headings  were  taken  by  eye  on  a 
millimetre     cartlboard     scale     placed    behind    the     manometer*       It    was 
endeavoured  to  read  to  1/10  mm,^  but  as  the  tubing  was  of  capillary  bore 
and  the  range  considerable,  tliis  was  not  always  possible,  especially  at  the 
lower  part  of  the  scale.     This  degree  of  accuracy  is.  however,  not  necessary, 
for  there  was  only  a  transit  of  100  bands ,  and  if  these  were  read  to  oee- 
twentieth  of  the  distance  between  two  bauds,  the  error  may  be  1  in  2000, 
and,  therefore,  the  pressure  readings  need  only  be  taken  to  \  mm,  to  obtaiii 
a  corresponding  degree  of  accuracy.     When  experiments  for  the  dispeTsioii 
ware  made  over  a  mde  pressure  range^  the  open  limb  of  the  manometer  w^ 
sealed*     The  gas  laws  were  ai^nmetl  to  hold  for  heiiiun,  and  the  prcdsure 
change  was  not  measured^  the  assumption  being  that  for  a  range  of  pressure 
from  1  to  6  atmospheres  the  same  laws  held  as  from  1  to  3  atmospheres. 
Before  introducing  any  mercury  into  the  apparatus,  aii^  was  pumped  in  till 
the  pressnre  was  about  10  atmospheres,  and  the  whole  was  placed  under 
water,  when  no  leaks  could  be  discovered.      Again,  after  putting  mercury 
into  the  reservoirs  and  inannRieter,  it  was  pumped  up,  and  readings  of  the 
pressure    taken    on    successive    days.      By  this  method  any  leaks   could 
usually  be  detected,  but  very  small  leaks  might  be  obscured  by  the  changes 
due   to    temperature.     The   sealing   wax  joints   were  satisfactory,  and  no 
leaks  were  observed  from  them.     On  one  occasion  a  leak  was  found  from  a 
solder  joint,  and  on  another  from  the  compo  tubing  which  led  to  the  optical 
tube. 

Refractive  Index  and  Distpersion  of  Argon, — The  gas  was  prepared  by  Sir 
Wm.  Ramsay  and  obtained  from  Messrs.  Tyrer  and  Co.  It  was  introduced 
directly  into  the  apparatus,  after  the  latter  had  stood  exhausted  overnight 
with  a  phosphorus  pentoxide  drying  bulb  and  a  small  Pliicker  tube  attached, 
the  latter  showing  that  there  had  been  no  leak.  The  reservoir  being  sealed 
off,  the  refractive  index  and  dispersion  were  determined  as  below.  A  typical 
set  of  readings  taken  is  given  in  each  case,  and  later  the  results  of  all  the 
other  readings  made  are  tabulated  and  the  mean  is  taken. 

Refractive  Index, — Pressures  were  read  to  1/10  mm.  after  causing  a  rise 
in  both  limbs  of  the  manometer,  the  mean  of  three  such  readings  at  least 
being  taken.  The  number  of  bands  crossing  the  standard  line  W€w  read  to 
one-twentieth  of  the  distance  between  two  bands  when  possible.  As  the 
pressure  range  used  was  about  450  mm.,  and  the  number  of  bands  about 
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280,  the  error  in  these  measurements  is  probably  1  in  3000.  The  tempera- 
ture of  the  tubes  is  read  to  1/10°  C,  and  in  no  case  did  the  temperature 
change  by  more  than  1/10°  C.  in  the  course  of  an  experiment  which  lasted 
less  than  10  minutes.  The  temperature  of  the  manometer  was  also  observed. 
The  thermometers  had  previously  been  compared  with  a  standard  thermo- 
meter, and  for  the  range  of  temperature  16°  to  19°  C,  over  which  these 
exj)eriments  were  made,  the  thermometers  agreed  to  within  1/10°  C,  so  that 
no  connection  was  necessary  for  the  degree  of  accuracy  aimed  at  in  these 
determinations.  Beadings  were  taken  for  the  refractive  index  relative  to 
the  Di  line  and  also  to  the  hydrogen  red,  as  this  allowed  a  check  on  the 
accuracy  of  the  measurements,  both  of  the  refractive  index  and  of  the 
dispersion. 

Dispersion. — ^The  dispersion  was  found  at  the  same  time  as  the  refractive 
index  for  the  hydrogen  red  line.  The  number  of  fringes  between  the 
standard  lines  was  estimated  to  one-twentieth  whenever  possible.  As  the 
distance  apart  of  the  black  bands  and  their  breadth  vary  considerably  with 
the  pressure,  it  is  not  possible  to  read  with  the  same  degi*ee  of  accuracy 
always.  The  bands  were  used  when  as  far  apart  as  possible  over  the 
pressure  range  employed.  This,  of  course,  is  attained  by  preliminary 
adjustment  of  the  Jamin  plates,  and  subsequent  alteration  of  pressure  in  the 
other  optical  tube  if  necessary.     The  results  obtained  are  given  below. 

The  following  is  a  typical  series  of  experiments : — 

Befractive  Index  of  Argon  for  Dj  line.    Tuesday,  July  30,  1907. 
lime,  3.47.    Temperature  of  tubes,  IQ'^'Qb  C.    Temperature  of  manometer,  17° '5  C. 

Pressure. 
Initial  Final.  Difference. 

474-6    475-3    476-2    477*0  708    709-6    7101  494*0 

468-8    469-6     4606    461-3  214    216*6     216*0  167 


16-7       16-8      16-7       16-7  494    494-0    494-1  478*3 

Number  of  bands  crossing  Dj  line  and  direction  =  313*7,  to  right. 
Time,  3.66.    Temperature  of  tube,  16''-7  C.    Temperatiu'e  of  manometer,  17°  C. 
Substituting  the  values  below  in 

(no-l)  =  (l+crf).760.g., 

a  =  0-00367  X  =  6-896  XlO"*  cm. 

t  =  16^-7  C.  P  =  478-3  mm. 

/=  313-7  L  =  109-96  cm., 

^eget  Wo  =  1-0002837, 

'vrhere  n^  is  the  refractive  index  at  0°,  760  mm.  pressure,  for  the  D,  line. 

Diaperrion  in  Argon  and  Refractive  Index  for  H  red.    Tuesday,  July  30,  1907 . 
lime,  4.4    Temperature  of  tubes,  16°*7  C.    Temperature  of  manometer,  17®  C. 

2  F  2 


396 


Mr*  W,  Burton,     Refractive  Index  and        [Jau.  ij 


Preastire. 


Initml 

FmaL 

Difference. 

7iO    706     709*5 

7lOi 

477    477-B     474*0    474-5     475-5 

494-Ou 

216     214     215-5 

SIG^O 

461     4612     457  9     4582     459  5 

16-08 

494    494     4MO    494"  I 


le       16-0       16*1       16-3       160 


477-9S 


Number  of  banda  croaaing  H  red  and  direction  ^  280-95  to  left. 
Number  of  Bands  between  Staadard  Lines  arid  H  red. 


H  rod. 


He  veUow. 


Hg  green. 


H«$  greea. 


HUiit. 


TnitiBlljr  0 

a 

Mean  0 

FinAlly  0 

0 

Meiwi  0 


89-6 

39^6 
30-6 


68116 

68-6 

68-63 

10  07 
10*03 
10*05 


lfJ5  -BS 
105  -45 
105-5 

16^45 
15-5 
16  '47 


110-9 
119  86 
119  m 

17*63 
17  55 
17 '66 


I 

I 


Time,  430.    Temperature  of  tubesi  16° -7 1  C    Tempei^tisr©  of  manometer,  17 '"5  G 

'riiiB  gives  n^j  =  r0O0383O  for  the  H  red  line  at  O^and  760  mm. ;  also  for  a  the  dimio^ 
tion  in  thu  number  of  fringoa  betwaen  the  H  red  and  the  standard  lin^  aboref  w1^lj4 
/  bjukde  cross  the  H  red, 
we  get  a  0  32-6  58-57  90-03  102-32, 

whence  (l  +  ^)  0  11203        1*2085  1-3205  1-3642. 


Results, 
Eefractive  Index  of  Argon  at  0°  and  760  mm.  for  Di  line. 


Date. 

Temperature 

(0. 

Pressure 
change  (P). 

No.  of  bands 

natO'and 
760  mm. 

Friday,  July  26 

17-5 

17-6 

17-8 

16-95 

17-05 

17-2 

17-8 

17-9 

18-0 

16-5 

lG-63 

16-7 

18-75 

18-9 

18-9 

439-8 

439-4 

438-66 

435-76 

437-08 

242  13 

480-0 

479-1 

479-9 

477-2 

478  -35 

478-3 

362-2 

565-6 

203-25 

287-6 

287-2 

286-66 

285-6 

286-4 

158-66 

813-6 

812-8 

818-25 

813-2 

818-65 

818-7 

286-0 

868-2 

182-25 

Mean   

1-0002886      / 

Saturday.  Julv  27  

2836      / 

2887 

2836 

Monday.  July  29    

2888 
2837 
2836 

Tuesday  July  30    

2886 
2886 
2837 

Friday.  Ausrust  9    

1835 
2887 
2838 

t 

2837 
2837 

1-0002887 

Dispersion  of  Light  in  Argon  and  Heliwm. 
Refractive  Index  of  Argon  at  0°  and  760  mm.  for  H  red. 
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Date. 

Temperature 

(0. 

Pressure 
change  (P). 

No.  of  bands 

«  at  0°  and 
760  mm. 

July  26  .. 

17-92 
17-4 
17-6 
18-1 
18-2 
16  72 
16  76 
19  0 

488-45 
480  -16 
438-66 
480-0 
479-3 
477  -92 
477-4 
352-9 

256  7 
281-45 

257  -14 
280-66 
280  1 
280-95 
280-54 
205-8 

Mean   

1-0002830 
2829 
2880 
2829 
2828 
2880 
2829 
2830 

y,  July  27  

r,  July  29    

r,  July  30    

August  9    

1-0002829 

Dispersion  in  Argon,  1  +  -7  • 


Date. 

/.          1    He  yellow. 

i 

Hg  green. 

He  green. 

Hblue. 

July  26 

256  7 
281-45 

257  -15 
280-65 
280-1 
280-96 
280-54 
205-8 

1-1202 
1-1206 

1-1206 
1-1206 
1-1203 
1-1206 
1-1206 

1-2082 
1-2086 

1-2090 
1-2086 
1-2085 
1-2086 
1-2090 

1-3204 
1-3206 

1-3207 
1-8205 
1-8205 
1-8208 
1-3202 

1-8642 
1-8689 
1-8642 
1-8651 
1-3644 
1-8642 
1-8648 
1-3645 

ly,  July  27 

^  July  29  

r,  July  80  

August  9  

Mean  (1 4 

.?.\  

11206 

1-2086 

1-3205 

1-8644 

f) 

nd   h  we   reduce  as    below,  where   \  refers  to  .the   H   red   line 
10"*  cm.),  \*  to  the  other  standard  lines. 


He  yellow. 

Hg  green. 

He  green. 

H  blue. 

6  -876  X 10-*  cm. 
1-1205 

10082 

0  0032 
5  -6  X  10-" 

6  -461  X  10-*  cm. 
1-2086 

1-0057 

0-0057 
5  -6  X  10-" 

6-016xl0-»cm. 
1-3205 

1-0093 

0-0093 
5  7  X 10-" 

4 -861x10-*  cm. 
1-3644 

1-0106 

0-0106 
6  -6  X  10-" 

\ 

Y- 

M 

Mean  5  -  5  6  x  10-". 
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Taking  («^l)  =  a(l  +  i^), 

and  subfltituUug  6  =  5"6  x  10^^^, 

n  =  1  0002837  for  Di  line, 

X  =  5-89G  X 10-*  cm,, 
we  get  a  =  0-0002792 ; 

therefore  n  =  1  '0002792  +  ^  ^  ^  ^"      . 

Sdium. — This  was  prepared  from  tliorianifce*     The  thorianite  was  placed 
in  one  half  of  a  porcelain  tube,  the  other  lialf  CQUtaioing  copper  oxide.    The 
tube  was  attached  to  a  mercury  pump,  and  through  a  tube  containing  s(iUd 
caustic    potash   to   a   gas   collector  full  of  boiled   caustic  potash  aolutm 
There  was  also  a  mercury  gauge  to  indicate  the  pressure  iu  tho  apparRtua. 
After    exhausting    and    shutting  off  the    pump,   the    porcelain    tube  w&a 
heated   in    a    combustion    furnace    until    the   pressure    indicated    by    tbe 
manometer  was  just  above  atmospheric    pressure.      Connection    with  the 
collecting  reservoir  was  then  made,  and  the  gas  slowdy  accumulated  in  it* 
In  this  manner  about  1  litre  of  lielium  was  collected.     The  thorianite  beiug 
heated  at  atmospheric  pressure,  the  helium  comes  off  very  slowly,  but  any 
hydrogen  present  should,  under  thes^  conditions,  lie  removed  by  the  ted* 
hot  copper  oxide.     The  gas  was  introduced  about  200  c.c.  at  a  time  into  the 
exhausted  reservoir  attached  to    the    optical   tul)e.      Before    entering    the 
reservoir,  the  gas  was  passed  through  a  drying  tube  of  calcium  chloride  and 
a  tube  of  charcoal  surrounded  by  liquid  air,  each  portion  of  the  gas  being 
kept  in  contact  with  the  charcoal  for  half  an  hour  before  being  passed  on  to 
the  reservoir.    A  Pliicker  tube  attached  to  the  mercury  pump,  and  arranged 
before  the  slit  of  the  spectrometer,  enabled  one  to  test  the  gas  spectroscopically 
from  time  to  time.      No  trace  of  foreign  gases  could  be  observed.      After 
sufficient  gas  had  been  introduced  to  give  the  required  pressure  range,  the 
reservoir  containing  it  waa  sealed  off,  and  the  experimental  results  given 
below  were  obtained. 

liefractive  Index. — The  pressure  range  being  1300  nun.,  it  is  not 
necessary,  as  stated  before,  to  read  to  more  than  ^  mm.  to  get  an  accuracy  of 
1  in  2000,  though  readings  were  attempted  to  1/10  mm.  The  number  of  bands 
crossing  the  standard  line  used  was  about  100,  so  that  to  get  the  same  degree 
of  accuracy  it  is  necessary  to  read  to  one-twentieth  of  the  distance  between 
two  bands.  As  it  was  possible  in  the  case  of  helium  always  to  start  and 
end  with  the  cross  wire  coincident  with  a  standard  line  and  with  the  middle 
of  a  black  band,  I  consider  this  accuracy  was  obtainable.     It  may  be  remarked 
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here  that  with  gases  of  small  refractive  power  like  helium  the  accuracy  of 
the  value  for  the  refractive  index  depends  largely  on  the  accuracy  with  which 
the  number  of  bands  that  cross  the  standard  line  can  be  estimated ; 
for  with  the  same  pressure  range  in  helium  only  one-eighth  the  number 
of  bands  will  cross  the  same  standard  line  as  in  the  case  of  air  or 
argon.  It  will  be  observed  below  that  the  value  of  the  refractive  index  shows 
a  slight  increase  from  day  to  day,  whilst  the  values  agree  well  on  any  single 
day.  This  slight  increase  was,  I  think,  due  to  a  small  air  leak.  If,  in  the 
course  of  the  three  days  over  which  the  experiments  were  made,  an  air  leak  of 
1  in  2500  had  occurred,  the  variation  observed  would  be  accounted  for.  The 
same  increase  is  observed  in  the  value  for  the  H  red  line,  and  the  same  agree- 
ment on  any  one  day.  That  the  increase  was  less  from  Tuesday  to  Wednesday 
afternoon  is  accounted  for  by  the  fact  that  when  the  gas  was  put  in  I 
arranged  the  level  of  the  mercury  in  the  reservoir  so  that  after  sealing  off 
and  opening  the  tap  connecting  the  reservoirs  the  gas  should  be  under 
pressure  slightly  greater  than  atmospheric.  The  barometer  rose  on  Tuesday 
night  and  the  temperature  fell,  so  that  the  observed  fall  in  pressure  on 
Wednesday  morning  might  very  possibly  have  been  due  to  these  changes ; 
and  that  this  was  largely  the  case  is  shown  by  the  results  obtained  on 
Wednesday  afternoon.  The  gas,  however,  was  left  on  Wednesday  afternoon 
under  slightly  less  than  atmospheric  pressure,  and  subsequent  readings  taken 
at  night  showed  on  reduction  a  decided  but  small  increase  in  the  refractive 
index.  Again  on  Thursday  morning  an  increase  was  observable.  The  values 
therefore  obtained  on  Tuesday,  soon  after  the  gas  was  put  in,  and  on  Wed- 
nesday afternoon,  are  probably  most  correct.  It  will  be  seen  that  the  extreme 
values  for  the  refractive  index  obtained  during  the  three  days  do  not  differ 
by  more  than  1  in  350,  so  that  the  readings  for  the  dispersion  were  not 
measurably  altered  by  the  change  in  the  refractive  index.  As  in  the  case  of 
argon,  measurements  of  the  refractive  index  for  the  Di  line  and  the  H  red 
were  made,  and  a  summary  of  the  results  is  given  below. 

Dispersion. — In  some  of  the  experiments  the  open  limb  of  the  manometer 
was  sealed  off,  and  the  pressure  change  arranged  so  that  about  250  bands 
oroesed  the  H  red  line.  As  in  the  case  of  argon,  the  bands  were  estimated  to 
one-twentieth  when  possible,  and  the  fringes  used  when  the  bands  were  as 
far  apart  as  possible  over  this  pressure  range.  There  is  no  great  advantage 
in  having  a  larger  number  of  bauds  than  250  crossing  the  standard  line,  for 
the  bands  get  so  close  together  in  the  blue  and  green  that  it  is  difl&cult  to 
measure  them  accurately,  and  what  is  gained  in  accuracy  in  the  measurement 
of /is  lost  in  the  measurement  of  S. 

Jte/ractive  Index  at  0°  dud  760  vim,  for  Di  line. — The  observations  were 


Ab  explained  aboTe,  the  value  moat  probably  correct  is  TOO  003500 
mean  of  the  firit  three  observations. 

Refractive  Index  of  Helium  at  0°  and  760  mm.  for  H  red 


Date. 

> 

Temperature 

Pressure 
change  (P). 

No.  of  bands 

ntktif  and 
760  mm. 

Tuesday.  Auerust  6 

18-4 

16-4 
16-4 

16-7 
16-8 
17-0 

1815  -6 

1289-9 
1803-6 

1357  -8 
1818  -5 
1845-8 

95 

94 
95 

99 
96 
98 

1*00003407 

8505 
8505 

3510 
3507 
8511 

Wednesday  night,  August  7 
Thursday,  August  8 

Dispersion  in  Helium,  1  +-7 . 

Where  the  number  of  bands  crossing  the  H  red  line  was  greater  than  100, 
the  open  limb  of  the  manometer  was  sealed  off  and  the  pressure  was  not 
read. 
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Date. 

f- 

He  yellow. 

Hg  green. 

He  green. 

H  blue. 

Wednesday,  August  7 

100 

11186 

1-2068 

1-8130 

1-3660 

94 

1  -1196 

-2056 

1  -8136 

1-3668 

96 

1*1184 

•2046 

1-8137 

1-3668 

Thursday,  August  8  ... 

99 

1  -1177 

•2040 

1  -3131 

1-3550 

96 

1  1192 

•2041 

1  -8126 

98 

11179 

•2084 

1-8127 

1-3651 

250 

1-1182 

•2046 

1  -3182 

1-3560 

101 

1  1188 

2040 

99 

1  -1177 

•2040 

1  -3131 

1-8666 

200 

1  1177 

2040 

1  -8127 

1  -3561 

250 

1-1180 

2043 

1  -3132 

1-3667 

250 

1  1186 

•2060 

1-8139 

1-3566 

260 

1  1179 

1-2041 

1-3129 

1-3658 

Meanl 

+  — 

1  1188 

1  'SrvLi 

1  -3131 

1-3667 

/ 

To  find  b. — Eeducing  these  values  as  for  argon,  \  referring  to  the  H  red 
line  (6-563  x  lO"*^  cm.),  we  get :— 


He  yellow. 

Hg  green. 

He  green. 

H  blue. 

X'  in  cm 

6  -876  X  10-» 
1-1183 

1-0012 

0-0012 
2  1  X 10-" 

5  -461  X  10-' 
1-2044 

1-0022 

0-0022 
2  -1  X  10-" 

6  -016  X  10-» 
1  -8131 

1-0036 

0-0036 
2-2x10-" 

4-861x10-* 
1  •8657 

1-0041 

0-0041 
2-2x10-" 

1  +  ^     

A+^V 

\    /A 

n'— » 
n-1    

h  

Mean  6 -2-2x10-". 


Taking 
and  substituting 

we  get 
therefore 


«-l  =  a(l4). 


6  =  2-2x10-" 
n  =  100003500  for  Di  line, 
X  =  5-896  X 10-*  cm., 
a  =  0-00003478; 

7-6x10-" 


n  =  1-00003478 +- 


\' 
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Argon. — The  value  obtained  for  the  refractive  index  for  Di  line  is  1-0002S37* 
Ramsay  and  Travers*  give  the  refractive  power  (air  =  1)  as  0*968  for  the 
brightest  part  of  the  spectram.  If  air  be  taken  as  1^0002922  for  the  lijean  D 
line  (KayBer  and  Riingef ),  this  makes  argon  to  be  1*0002828.  Ramsay  aud 
Travers  used  a  pressure  range  of  about  500  mm,,  corresponding  to  a  transit  ot 
between  30  and  40  bands.  The  pressure  ninge  used  aljove  is  about  the  same, 
but  oorresponds  to  a  transit  of  nearly  300  bands.  The  results  agree  to  1  in 
300,  and  closer  agreement  can  hardly  be  expected,  for  if  the  refractive  index 
of  air  for  the  brightest  part  of  the  spectriun  be  taken  as  1"000293,  the  reeults 
are  practically  identical 

The  dispersion  of  argon  is  slightly  less  than  that  of  air,  if  the  coeflBcieiit 
h  for  air  be  5'8  x  10"*^  as  found  by  Mascart-I 

Utiium. — The  value  of  the  refractive  index  for  the  Di  line  is  r00003500. 
Eamsay  and  Travers  give  the  refractive  power  (air  =  1)  as  0"1238,  and  if  air 
be  taken  aa  1*0002922,  this  gives  a  value  for  helium  of  1  0000361, 
which  is  considerably  larger  than  that  obtained  above*  Assuming  that 
Ramsay  and  Travers  used  the  same  apparatus  as  for  argon,  the  same 
pressure  range  would  correspond  to  a  transit  of  between  4  and  5  bands  only 
in  the  case  of  helium.  Hence  the  accuracy  of  the  value  of  the  refractive 
power  will  depend  largely  on  the  accuracy  with  which,  after  a  change  of 
pressure,  the  middle  of  the  movable  band  can  be  brought  back  into  con- 
tinuation with  the  middle  of  the  fixed  band  used  as  a  fiducial  line. 
Ramsay  and  Travers  considered  that  they  could  estimate  to  1/25  of  a  band, 
so  that  the  error  of  the  setting  may  be  1  in  100.  The  accuracy  of  their 
pressure  measurements  was  increased  by  comparing  the  refractive  power  of 
helium  with  that  of  hydrogen,  and  then  that  of  the  latter  with  air.  By 
this  means  the  bands  were  kept  in  position  in  the  field  of  view  over  a  wider 
range  of  pressure  than  was  possible  when  helium  was  compared  directly  with 
air.  The  difference  in  the  value  obtained  by  Ramsay  and  Travers  and  that 
obtained  above  may  perhaps  be  attributed  to  the  fact  that  the  pressure 
changes  in  the  experiments  of  the  former  compensate  for  the  transit  of  so 
small  a  number  of  bands,  though  a  difference  of  3  per  cent,  in  the  refractive 
power  is  more  than  one  might  expect. 

The  dispersion  is,  as  will  be  seen,  much  smaller  than  that  of  any  other  gas 

so  far  examined,  the  coefhcient  7^  being  almost  exactly  half  that  found  by 

Mascart  in  the  case  of  hydrogen. 

*  Ramsay  and  Travers,  *  Roy.  Soc.  Proc.,'  vol  67,  p.  331. 
t  Kayser  and  Runge,  *  Abh.  d.  Berl.  Akad.'  (1893). 
I  Mascart,  *  Ann.  de  I'i^ole  Normale '  (1877). 
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The  results  for  argon  and  helium  are  tabulated  below,  and,  for  comparison, 
Mascart's  values  for  hydrogen  are  also  given. 

Refractive  Index,  reduced  to  0°  C.  and  760  mm.  pressure  for  Di  line. 

Argon 1-0002837 

Helium    100003500 

Hydrogen  (Mascart)*. . .     1-0001387 

Dispersion : — In  equation 

n-l=a(l  +  -J,    or    n=:A-fp, 

6.                        a                     A.  B. 

Argon 5-6  X  lO'^^  0*0002792  1-0002792  1-6  x  lO'^* 

Helium  22x10-"  000003478  100003478  7-5xlO-i« 

Hydrogen  ...     4-3x10""  0-0001376  1-0001376  5-9 xlO-^* 
(Mascart  )t 

It  may  be  noted  that  the  values  of  ajb  for  these  substances  are  approxi- 
mately in  the  ratio  3:1:2. 

I  wish  to  thank  Professor  J.  J.  Thomson  for  suggesting  this  work  to  me 
and  for  the  interest  he  has  taken  in  it.  My  thanks  are  also  due  to 
Mr.  C.  T.  R.  Wilson,  to  whom  I  am  much  indebted  for  advice  in  all  that 
pertains  to  the  optical  part  of  this  work. 

♦  Loc  cit, 
t  Loc.  cit. 
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On  the  Refractive  Indices  of  Qaseoiis  Nitric  Oscide^  Sidpkur 
Dioxide^  and  Sidphtir  Tnoxide. 

By  C.  CuTnBKETSON,  Fellow  of   Uuiversity  Cullege>  Loudon,  and  E.  Paie 
Mktcalfe,  E-Sc,  1851  Exhibition  Seholais 

(Communicated  by  Professor  F,  T,  Tronton,  F*RpS»     Received  February  11^— 

Read  February  20,  1008,) 

Nitric  Oxide. 

Dufet  only  records  two  determinfttions  of  the  index  of  nitric  oxide :  that 
of  Dulong,  who  found  1 '000302  for  whitye  light,  and  that  of  Mascart*  who 
gives,  for  sodium  light,  1-0002976,  taking  air  as  1*0002928.     The  latter  states 
that  tlie  gas  he  UBt?d  contained  about  10  per  cent,  of  gas  not  absorbable  by 
ferrous  sulphate,  for  which  allowance  was  made ;  hut  the  analysis  was  not 
very  accurate.     As  the  index  is  ahnomially  bigbj  and  methods  of  purifyiDg  j 
gase^  liuve  improved  since  1877,  it  seemed  desirable  to  repeat  the  deter- 1 
mination. 

A  speeimen  of  the  gae  was  kindly  lent  ns  by  Miss  I.  Homfray,  It  was 
prepared  by  the  method  of  Van  Deventerf  and  purified  by  fractionation  at 
low  temperatures. 

The  mean  of  eight  experiments  which  did  not  differ  by  1  per  cent,  was,  for 

sodium  light, 

.     /i  =  1-0002939. 

Taking  the  index  of  oxygen  as  1*0002702,  and  that  of  nitrogen  as  1-0002973, 
the  additive  value  for  NO  would  be  1-0002837.  Hence  the  index  is  abnor- 
mally large,  though  not  quite  so  much  so  as  previous  determinations  had 
made  it.  This  peculiarity  it  shares  with  all  other  nitrogen  compounds  whose 
gaseous  index  has  been  determined. . 

Sulphur  Dioxide. 

The  principal  determinations  of  the  index  of  gaseous  sulphur  dioxide  have 
been : — 


♦  *  An.  de  I'Ec  Normale  sup.,'  vol.  6,  p.  1,  1877. 

t  See  R.  W.  Gray,  *Chem.  Soc.  Trans.,'  1905,  vol.  87,  p.  1601. 
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Obserreir. 

WaTe-lengfch. 

(,i-.l)10«. 

Bexnarkfl. 

Dulonir* 

White 

D 
D 

D    ■ 
D 
D 

662-0 

686-0 
676-04 
682-0 
702-6 
676  ^±6 

Eeduced  to  prpportion  with 

air  =  292-3. 
Approximate  calculation. 
Correct  calculation. 

Ketteler,  1866  and  1885t 

Ketteler      

Maacart,  1874t  

Ma«cart,  1877$  

G.  W.  Walkerjl  '. 

•  *  Ann.  de  Chim.  et  de  Phys./  toI.  31,  p.  164,  1826. 

t  Ketteler, '  Theor.  Optik,*  1886,  p.  459. 

t  Mascart,  *  C.  R.,'  toI.  78,  pp.  617,  679,  1874. 

§  Mascart,  *  An.  de  TEc.  Normale  sup.,*  Vol.  6,  p.  1, 1877. 

II  a.  W.  Walker,  *  PhU.  Trans.,'  toI.  201,  p.  486,  1903. 


The  explanation  of  these  discrepancies  is  that  the  object  of  the  experi- 
menters appears  to  have  been  to  arrive  at  the  index  of  the  gas  at  0^  G.  and 
760  mm.,  and  their  observations  were  made  at  different  temperatures  and 
pressures,  and  reduced  by  different  coefiBcients.  Thus  Dulong  worked  with 
low  pressures,  probably  not  exceeding  340  mm.,  and  does  not  appear  to  have 
made  any  corrections  for  deviations  from  the  laws  of  Boyle  and  Gray-Lussac. 
Ketteler  calculated  his  results  by  two  methods :  with  and  without  allowance 
for  deviation  from  Boyle's  law.  In  both  coses  he  used  a  temperature  coefficient 
of  1  + 0*00411/.  By  the  second  method  he  obtained  the  number  686,  which 
is  quoted  by  Dufet.*  By  the  first  he  arrived  at  675'94.  His  maximum 
pressure  was  1100  mm. 

Mascart,  in  1874,  used  a  temperature  coefficient  of  1  +  0*00471/  and  a 
pressure  coefficient  of  l-f0'025p.  His  pressures  amounted  to  eight  atmo- 
spheres. In  1877  he  employed  1  -h 000460/  and  1  +  0025p.  He  worked  at  a 
mean  pressure  of  1050  mm. 

Walker  used  a  pressure  coefficient  of  1 +  00003982?  and  a  temperature 
coefficient  of  1  +  /  (0*00416 + 0*00002).   His  mean  pressure  was  about  650  mm. 

On  the  present  occasion  an  attempt  was  made  to  measure  the  index  in 
relation  to  the  density  of  the  gas,  so  as  to  show  the  retardation  caused  by  the 
same  number  of  moleculas  per  unit  volume  as  exist  in  hydrogen  at  normal 
temperature  and  pressure.  The  gas  used. was  obtained  from  a  siphon,  and 
dried  by  PaOs.  Very  low  pressures  were  used,  the  greatest  being  under 
200  mm.  A  density  bulb  was  put  in  connection  with  the  refractometer  tube 
and  immersed  in  the  same  water  bath.  In  each  experiment  the  quantity  of 
SOa  present  was  estimated  by  the  observation  of  pressure  and  temperature 
and  by  the  density  of  the  gas. 

♦  Dufet,  *  Recueil  des  Donn^  Num^riques,'  voL  1,  p.  78. 
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The  following  table  shows  the  results  obtained : — 


£xp«(tim0ni« 

0.-1)10'.                            j 

Cklcuktod  fw>m  d«mitj. 

Cmloulfttod  from  p  mnd  1- 

my  9^ 

6^'0 
664 '6 

662-4 

660-7 
669  03 
W7i) 
669-6 

Means,  omitUnj 
MeAu  of  two  m 

J  Ho,  3      661^97                 1                 050  76 
©thodi     .„.„ 660*86 

\ 

The  third  expenment  is  out  of  line  with  the  reet,  and  should,  we  think, 
neglected.  W©  have  been  unable  to  trace  the  source  of  error,  but,  from  the 
fact  that  it  affects  both  methods,  it  is  probably  to  be  ascribed  to  a  clerical 
error  in  recording  the  data*  The  agreement  between  the  two  methods  ia 
satisfactory. 

In  order  to  compare  this  result  with  those  of  previous  experimenters,  ft 
ifi  necessary  to  multiply  their  figures  by  the  ratio  of  the  theoretic  density 
of  SO2  to  the  experimental  value. 

Taking  0  =  16,  S  =  32056,  and  the  weight  of  a  litre  of  oxygen  as 
110523  gr.,  we  find  the  theoretic  density  to  be  2*2123  (air  =  1) ;  and 
Leduc*  has  found  experimentally  the  value  2*2639.  The  ratio  of  these 
numbers  is  0-97722. 

With  this  correction  the  different  determinations  are : — 


(m-1)10«. 

Uncorrected. 

Corrected. 

Dulong    

662-0 
702-6 
675-94 
676 -8±5 

686-6 
660-6 
660-4 
660-9 

Mascart  1877 

Ketteler  

Walker    

Cuthberteon  and  Metcalfe    ... 

Dulong's  pressures  were  so  low  that  the  correction  would  be  inappropriate 
in  his  case.     It  is  not  easy  to  understand  the  divergence  of  Mascart's  later 

♦  Leduc,  *  Ann.  de  Ch.  et  de  Phys.,'  voL  16,  1898,  p.  94. 
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value.    But  we  find  ourselves  in  agreement  with  the  determinations  of  the 
other  two  observers,  and  conclude  that  they  are  nearest  to  the  truth. 


Sulphur  Trioxide. 

The  compound  was  prepared  by  passing  dry  SO2  and  O2  over  platinised 
asbestos,  and  was  then  introduced  into  small  capillary  tubes  in  suitable 
quantities  and  sealed  off  in  vacuo.  The  method  used  was  to  place  the  sealed 
capillary  in  the  quartz  refractometer  tube  and,  when  this  had  been 
evacuated  and  sealed  off,  to  break  the  capillary  tube  with  a  jerk.  The 
rerractometer  tube  was  then  alternately  cooled  with  liquid  air  and  heated 
in  the  furnace.  The  weight  of  SO3  was  calculated  from  the  difference 
between  the  original  tube  filled  with  the  solid  and  the  glass  fragments 
collected  after  the  experiment.  The  figures  were  checked  by  titration  of  the 
SO3,  and  by  precipitation  with  barium  chloride. 

The  results  of  three  experiments  were : — 


Experiment. 

0*-i)io«. 

By  weighing. 

By  titration. 

By  precipitation. 

1 
2 
8 

707 
786 
787 

729 
748 

727 

We  believe  the  method  of  weighing  by  difference  to  give  the  most  accurate 
results,  and  we  therefore  adopt  737  as  the  most  probable  value  for  the 
index.  But  the  difficulties  of  the  experiment  render  this  figure  not  altogether 
beyond  doubt. 

The  refractivities  of  these  sulphur  compounds  are  very  interesting,  owing 
to  the  fact  that  they  depart  widely  from  the  additive  values. 

The  refractive  index  of  gaseous  sulphur  (Sj),  for  \  =  5893,  has  been 
recently  found  by  the  authors  to  be  I'OOllll.  That  of  oxygen  (Oa)  may 
be  taken  as  1-000270.  Hence  the  refractivity  of  sulphur  dioxide,  by  the 
additive  rule,  would  be  555  -f  270  =  825,  whereas  experiment  shows  it 
to  be  661,  a  decrease  of  nearly  20  per  cent.  Similarly,  the  refractivity  of 
SOj,  by  the  additive  rule,  is  960,  but  by  experiment  737,  a  decrease  of 
23-2  per  cent. 

The  interest  of  these  curious  figures  is  enhanced  by  similar  results  for 
other  sulphur  compounds.  The  refractivity  of  gaseous  sulphuric  acid 
has   not  yet  been  measured,  but  that  of  the  liquid  has  been  observed  by 
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Baden-Pawell,  Glaclstone,  and  NasinL    The  figures  of  the  latter,*  which  III 
tlie  mast  recent,  are  as  follows  :■ — 


By: 


Odiupoimd, 

Don-ity.^g    Light. 

Index. 

H31SO4+4  per  cent  HaO 

1-8273              D 

1-4292 

Bans  of  Lorentz'  formula, 

u-l..^.,.„-'*''-V- 

3     Molecular  weight 

0-00009 

■-gt*«OltB 


*+2h 


F'+^iiduid     ^       liquid  density  a 

we  can  obtain  a  fair  approximatioo  to  the  gaaaoua  index  for  the  theeretieil 
density,  Le.,  that  in  which  fc!ie  mimbor  of  molecules  is  the  same  aa  in  unit 
volumes  of  hydrogen  at  normal  temperature  and  pressure. 

Calculated  thus,  and  with  a  correction  for  the  water  present,  the  indei 
of  gaseous  HaS04  is  1 000933.  The  additiTe  value  tor  the  index  is  1 001234 
Hence  the  decrease  on  combination  is  24i  per  cent. 

With  these  may  be  compared  the  values  of  the  refractive  indices  of  tlve 
hexafluoridea  of  sulphur*  seleniunip  and  tellurium,  determined  by  us  with 
Dr.  E,  B,  B.  Prideauxt 


Compcnmdfl. 

EefnctiTitu^. 

oolS-eoL2, 

DijEFionmo^  pof  Oflflt 

ObMrred. 

Additire  \ttlu0. 

1            of  coL  3. 

783 
SB5 
001 

6>c96+   556-  1131 
6  1(90+    782-  135a 
6  s(  96  +  1247  =  1823 

34S 
463 
892 

-30-3 
-84  1 
-46  2 
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*  Nasini,  *  Ber.  d.  Deut.  Chem.  Ges./  vol.  16,  p.  2886  (see  Dufet,  *  Donn^es  Numdriqu 
ToL  1,  p.  118). 

t  "Some  Reactions  and  New  Compounds  of  Fluorine,"  £.  B.  R  Prideaux,  *Ch^^::^ 
Soc.  Trans.,'  1906,  vol.  89,  p.  330. 
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0;i  the  Dispersion  of  Gaseous  Mercury ^  Sulphur ^  Phosphorus^  and 

Helium. 

By  C.  CuTHBERTSON,  Fellow  of  University  College,  London,  and  E.  Parr 
Metcalfe,  B.Sc,  1851  Exhibition  Scholar. 

(Communicated  by  Professor  F.  T.  Trouton,  F.RS.    Received  February  11, — 
Read  February  20,  1908.) 

In  continuation  of  previous  work*  on  the  refractive  indices  of  certain 
elements  in  the  gaseous  state,  we  have  measured  the  dispersion  of  the 
elements  named  above  within  the  limits  of  the  visible  spectrum. 

Jamin's  refractometer  was  used,  and  the  arrangement  of  the  instrument 
was  that  described  in  our  previous  paper.  But,  as  dififerent  wave-lengths 
had  to  be  employed  for  the  determination  of  the  dispersion,  the  method 
of  illumination  was  improved.  light  from  a  Nernst  filament  was  focussed 
on  the  slit  of  one  of  Messrs.  Hilger  and  Co.'s  fixed-deviation  spectroscopes, 
and,  in  the  focal  plane  of  the  resulting  spectrum,  a  slit  was  placed  capable 
of  motion  in  that  plane.  The  adjustment  was  calibrated  by  comparing  the 
wave-length  of  the  light  passing  through  the  slit  with  the  reading  of  the 
drum  of  the  spectroscope.  By  rotating  the  drum,  light  of  any  required 
wave-length  could  be  obtained,  and,  by  narrowing  the  slits,  the  spectrum 
was  of  sufficient  purity  to  admit  of  two  hundred  bands  being  counted  to 
one-fifth  of  their  breadth. 

With  this  arrangement  two  methods  of  procedure  were  employed.  At 
first  a  separate  observation  was  made  of  the  refractive  index  at  each  wave- 
length selected,  while  the  substance  was  heated  until  it  had  completely 
evaporated.  But  this  plan  is  open  to  the  serious  objection  that  any  error 
due  to  unequal  disposition  of  the  two  tubes,  unequal  heating,  buckling  of 
the  supports,  or  drift  due  to  the  heating  of  the  mirrors,  is  not  eliminated ; 
and,  since  the  dispersion  is  in  all  cases  a  small  fraction  of  the  refraction, 
such  errors  are  of  importance. 

In  order  to  avoid  these  disturbing  causes,  a  second  method  was  worked 
out  by  one  of  us  (E.  P.  M.)  which,  as  far  as  we  know,  has  not  been 
previously  used. 

Both  interferometer  tubes  being  vjicuous,  the  mirrors  and  compensator 
are  so  adjusted  that  each  of  the  interfering  beams  passes  through  the  same 
thickness  of  glass,  of  air,  and  of  silica.  When  this  is  the  case  the  inter- 
ference pattern,  viewed  by  white  light,  presents  the  appearance  of  a  train 

♦  « PhU.  Trans.,'  A,  vol.  207,  pp.  136—148,  1907. 
VOL.  LXXX. — ^A,  2.  G 
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of  fringes,  black  and  white  at  the  centre,  but  rapidly  becoming  coloured  ^ 
their  distance  from  the  centre  increaseg.  The  only  truly  achromatic  point 
in  the  interference  pattern  is  the  centre  of  the  bright  fringe  between  the 
two  darkest  fringes :  at  this  point  the  relative  retardation  is  ^ero  for  aU 
wave -lengths.  It  is  not  difficult  to  pick  out  by  eye  the  two  darkest  trin^ 
The  adjustment  is  effected  by  rotating  one  mirror,  or  the  compensator, 
until  the  cross- wire  or  pointer  of  the  observing  telescope  lies  exactly  midwa? 
between  these  two  fringes.  The  white  light  is  then  replaced  by  tlie 
monochromntic  illumination. 

If  now  the  wave-length  is  changed  continuouBly  by  slowly  rotating  the 
spectroscope  dnmi,  the  central  bright  fringe  remains  in  the  same  poeilioi 
relatively  to  the  cross-wira ;  the  only  effect  of  varying  the  wave-Iongth  i^ 
to  change  the  spacing  of  the  fringes.     This  preliminary  adjustment  having 
Ijeen  made,  the  dispersion  of  the  vapour  is  measured  thus. 

The  spectroscope  drum  is  set  to  some  convenient  wave-length,  cg.^  thai 
of  the  green  mercury  Vme,  which  is  specually  suitable,  L>oth  on  account  o! 
the  InminoBity  of   the  spectrum   in   that  region,  and   because   a   mereuiy 
vapour  lamp   provides  a  handy  standaid  for  testing  the  accuracy  of   the 
correspondence  of  the   drum  reading  with  the  wave-length   of   the   light 
jmssing  through  the  slit.     Then  the  weighed   charge  is  slowly  evapoTEted 
in  niiu  fif  tlie  interferometer  tubes.     The  fnn;_,^PR  which  cross  the  pointer  are 
counted,  and,  when  they  have  again  come  to  rest,  the  spectroscope  drum 
is  rotated  slowly.     This  will,  in  general,  cause  the  fringes  to  move  across 
the  pointei*.     As  each  fringe  reaches  the  pointer  the  corresponding  wave- 
length is  read  off  the  drum.      In  this  way  we  get,  in  one  operation,  the 
fringe  readings  for  the   particular  quantity  of  vapour  used,  for   thirty  or 
forty  points  along  the  visible  spectrum. 

It  must  be  remembered  that  the  rate  of  variation  of  fringe  reading  with 
wave-length  is  not  simply  a  function  of  the  dispersion  of  the  gas  alone. 

If  N  =  number  of  fringes  observed,  \  =  wave-length,   n  =  refractive 

index  of  the  gas,  then  N  =  A:  — ^ — - ,  where  k  is  dependent  only  on  the 
dimensions  of  the  apparatus,  and 

d\       k\  dXj 

Of  the  terms  on  the  right-hand  side,  the  first  represents  the  efifect  of 
introducing  the  gas  into  the  refractometer  tube,  the  wave-length  remaining 
the  same ;  the  second  expresses  the  movement  of  the  fringes  when  the 
wave-length  is  varied,  while  the  gas  pressure  is  constant. 
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The  terms  being  of  the  same  order  of  magnitude,  they  must  be  measured 
with  the  same  degree  of  accuracy. 

It  is,  of  course,  highly  desirable  that  the  achromatic  point  of  zero  retarda-- 
tion,  when  both  interferometer  tubes  are  vacuous,  should  not  suffer 
displacement  during  the  operation  of  mejisuring  the  fringes,  through  uneven 
temperature  conditions  or  mechanical  shocks.  As  soon  as  possible,  thei-efore, 
after  taking  a  set  of  readings,  the  vapour  is  rapidly  condensed  in  its  tube,  and 
the  coloured  fringes  of  white  light  are  examined. 

In  practice  it  is  convenient  to  take  several  slow  readings  of  the  number  of 
fringes  for  one  wave-length,  so  as  to  obtain  it  correct  to  the  nearest  integer. 
Any  outstanding  fraction  is  best  estimated  by  vaporising  the  charge  as 
quickly  as  possible ;  for  in  this  way  the  zero  has  but  little  time  to  "  drift " 
before  all  the  fringes  have  passed. 

When  refractometer  tubes  of  fused  silica*  are  used,  difference  of  thickness 
of  the  end  plates  is  almost  unavoidable,  owing  to  the  necessity  of  refiguring 
and  polishing  them  after  they  have  been  fused  into  the  bore  of  the  tubes. 
This  difference  introduces  a  slight  complication.  Suppose  that  an  attempt 
is  made  to  compensate  for  a  slab  of  silica  of  thickness  t,  and  refractive 
index  n,  placed  in  the  path  of  one  beam  by  putting  in  the  other  a  slab  of 
glass  of  thickness  tg  and  index  n^.  Then  the  condition  for  achromatism 
becomes 

where  n^  =  refractive  index  of  air. 

The  dispersion  of  air  is  so  small,  compared  with  that  of  glass  or  of  silica, 
that  the  last  term  may  be  neglected.  So  that,  for  the  achromatisation  to 
extend  over  any  range  of  wave-length,  it  is  necessary  that  the  ratio  of  the 
dispersions  of  the  two  slabs  shall  be  constant  throughout  that  range.  This 
condition  is  not  satisfied  in  the  case  of  silica  and  glass,  so  that  perfect 
chromatic  compensation  is  not  possible.  The  diflBculty  could,  of  course,  be 
met  completely  by  using  a  compensator  of  the  type  used  by  Jamin,  the 
plates  being  made  of  fused  silica.  But  a  simpler  way  was  found  to  be  quite 
satisfactory.  The  silica  slab  was  compensated  for  as  well  as  possible  with 
glass;  and,  the  tubes  remaining  vacuous,  the  spectrum  was  traversed.  The 
position  of  the  zero  fringe  was  observed  to  shift  by  about  one-tenth  of 
a  fringe  width.  This  displacement  was  plotted  against  wave-length,  and 
thus  it  was  easy  to  correct  for  the  effect  in  the  dispersion  curves  of  the  gases 
and  vapours  dealt  with. 

*  Cuthbertson  and  Metcalfe,  loc,  cit. 
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A  single  charge  of  mercury  was  sufficient  to  yield  concordant  resulta. 
Nuuieroiis  series  of  readings  were  taken  by  the  differential  method-  The 
curves  plotted  from  them  were  found  to  agroe  well,  and  from  43  of  the  best 
observations  we  select  the  following  values  of  the  refraction  at  three  points 
of  the  Bpectrum — 


X. 

690O 

1840 

6893 

1866 

4900 

1920 

The  value  obtained  for  sodiuni  light  agrees  weU  with  that  obtained  by 
G.  Cuthb^rtson  three  years  ago,  and  is  identical  with  that  found  bj 
K  P,  Metcalfe  last  year. 

Adopting  these  nuaibers,  the  refraction  curve  Ib  expressed  in  the  form 
given  by  Cauchy,  as 

^-1  =  0001755+-^^. 

=  0001755(1  +  1^^1 

The  rate  of  change  of  index  is  about  four  times  that  of  air,  for  which  tlie 

corresponding  formula  is,  according  to  Scheel, 


/i-l  =  0-00028705  (l  +  ^), 


Sulphur, 

Two  charges  of  sulphur  were  used.  In  the  spectrum  of  this  element  there 
is  an  absorption  band  extending  from  the  violet  almost  to  the  red,  and,  with 
the  first  charge,  readings  could  not  be  obtained  beyond  the  yellow.  At 
X  =  5183,  light  failed  after  108  bands  had  passed,  and  at  X  =  5050  only 
75  bands  could  be  read. 

In  order  to  obtain  values  beyond  this  point,  the  weight  of  sulphur  had  to 
be  diminished  to  0*00664  gramme,  giving  about  31  bands  at  X  =  5893,  the 
lowest  number  from  which  fair  accuracy  could  be  obtained.  From  35  obser- 
vations we  deduce  the  following  as  the  best  values  for  the  refractivity  of 
sulphur  at  three  points  in  the  spectrum — 

X.10-«cm.  (/i-l)10«. 
6562-8  1096-5 

5893  1111 

5183-8  1128 
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,  the  curve  of  refractio: 
/x-1  =  0-0010457 +  - 


Using  these  values,  the  curve  of  refraction  can  be  expressed  by — 

2-222 


\»10i» 
2-1249\ 


=  0-0010457(1  +  ^^:) 


The  two  independent  values  obtained  for  the  refraction  at  X  =  5893  (1105 
and  1111)  agree  well  with  that  found  by  C.  Cuthbertson  in  1905  (1101)  with 
glass  tubes  and  a  lower  temperature. 

If  we  attempt  to  determine  the  position  of  the  centre  of  the  absorption 

band  from  the  formula /Lt  —  1  =    »_    a,  we  find  from  the  first  and  second 

observations  \o  =  1492,  and  from  the  first  and  third  \o  =  1378 ;  values 
which  are  not  very  concordant. 

We  have  previously  observed  that,*  until  values  of  the  refractivities  for 
infinite  wave-lengths  could  be  obtained,  it  was  useless  to  examine  more 
closely  the  curiously  simple  ratios  between  the  refractivities  of  allied 
elements  which  were  found  to  obtain  at  the  D  lines.  It  was  shown  that> 
at  that  point  of  the  spectrum,  the  ratio  of  the  refractivities  of  P  to  N, 
S  to  0,  CI  to  F,  and  Ar  to  Ne,  was  very  nearly  four.  It  is  interesting, 
therefore,  to  compare  the  value  now  found  for  sulphur  with  the  refractivity 
of  oxygen  for  infinite  wave-lengths. 

The  dispersion  of  oxygen  does  not  appear  to  have  been  fully  investigated, 
but  Natansont  has  calculated  the  value  of  the  refractivity  for  \^  from 
Mascart's  figures  to  be  266*3,  and  KochJ  has  found  for  \  =  86*9  the 
number  2661. 

Adopting  the  mean  of  these  determinations,  the  ratio  of  the  refrac- 
tivities of  sulphur  to  oxygen  for  infinite  wave-lengths  is,  therefore, 
10457/2662  =  3'928,  which  only  difiFers  from  the  number  4  by  1-8  per 
cent. 

If  it  be  remembered  that  the  presence  of  the  absorption  band  in  the 
violet,  and  possibly  of  one  of  the  red,  must  disturb  the  values  from  which 
the  refraction  curve  is  calculated,  the  coincidence  is  good.  It  is  closer 
than  that  between  the  indices  of  the  two  elements  at  the  D  lines. 

It  is  interesting  also  to  compare  the  dispersions  of  the  two  elements. 
The  refraction  curve  of  oxygen,  calculated  from  Mascart's  figures,  is 

^-1  =  0-002663(1+^). 

*  *PhiL  Trana,'  A,  vol.  207,  p.  146,  1907. 

t  "  On  the  electro-magnetic  theory  of  dispersion  and  extinction,"  *  Bull,  de  PAcad.  des 
Sciences  de  Cracovie,'  Ap.,  1907,  p.  336. 
t  *  An.  d.  Phyaik,'  vol.  17,  p.  666,  1905. 


416  Messiis.  G  Cuthbertson  and  E.  Parr  Metcalfe,     [Feb,  11, 

Thus  the  rate  of  change  of  refraction  of  sulphur  is  about  four  limes 
that  of  oxygen. 

One  of  our  observations  in  the  extreme  red  (X  =  6870)  was  abnormally 
low,  which  would  suggest  the  presence  of  an  absorption  band  in  the  infra 
red.  So  far  as  we  know,  the  spectrum  of  sulplmr  vapour  has  not  been 
inveBtigated  in  thig  region. 

Phosphorus. 
In  this  case  also  a  single  charge  of  the  element  was  uaed. 
From  thirty-niue  obaervationa  we  deduce  the  following  most  trust wortiijr 
values : — 

6800  1200 

5893  1212 

5100  1230 

From  these  figures  the  refraction  curve  is  :—  • 

1-777 


/i^l  =0*001162  + 


xno^3 


=  0*001162  A +  i^V 


The  value  now  found  for  X  =  5893  agrees  well  with  C  Cuthbertsou's 
earlier  value  (1197),  but,  like  that  of  sulphur,  the  new  value  is  about 
1  per  cent,  higher  than  the  old. 

As  in  the  case  of  sulphur  and  oxygen,  it  is  interesting  to  compare  the 
refractive  index  for  infinite  wave-lengths  with  that  of  nitrogen. 

Scheers  values  for  the  dispersion  of  nitrogen  are  expressed  by  the  formula 

,.-1  =  0-00029061  (l+^,). 

Multiplying  the  refractivity  for  infinite  wave-lengths  by  four  we  obtain 
1162,  which  is  identical  with  that  found  for  phosphorus.  Comparing  the 
dispersions  we  find  that  the  rate  of  change  of  refraction  for  phosphorus  is 
almost  exactly  double  that  of  nittogen,  while  that  of  sulphur  was  about 
four  times  that  of  oxygen. 

Helium, 

The  specimen  of  helium  used  in  the  experiment  was  kindly  lent  us  by 
Sir  W.  Eamsay,  to  whom  our  thanks  are  due.  It  was  obtained  from 
thorianite  and  purified  by  Dewar's  process  of  passing  the  gas  through 
charcoal  cooled  with  liquid  air.  The  measurement  of  the  dispersion  of 
this  element  presents  considerable  difficulties  owing  to  its  smallness.  With 
a  tube  nearly  two  metres  long,  and  a  difference  of  pressure  of  760  mm., 
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only  about  a  hundred  bands  can  be  obtained  in  the  yellow.  The  dispersion 
is  less  than  J  per  cent,  of  the  refraction  in  the  visible  spectrum,  so  that 
the  whole  measurable  efifect  between  the  red  and  violet  is  about  one- third 
of  a  band,  and,  as  it  is  almost  impossible  to  read  to  less  than  one-tenth 
of  a  band,  accurate  results  were  not  obtained.  The  principal  difficulties 
were  found  in  the  change  of  zero  of  the  refractometer  with  temperature, 
instability  of  the  building,  parallax  in  making  readings  in  either  the 
red  or  violet,  and  the  determination  of  the  wave-length  employed. 

In  order  to  avoid  this  last  source  of  error  a  further  modification  of  the 
differential  method  was  adopted.  Enough  helium  was  admitted  to  one  tube 
to  cause  about  a  hundi'ed  bands  to  cross  the  field.  Into  the  other  tube  air 
was  then  introduced  until  an  exactly  equal  number  of  bands  had  passed  in 
the  opposite  direction.  The  wave-lengths  of  the  light  employed  were  then 
changed  from  red  to  violet.  In  these  circumstances  any  change  in  the  position 
of  the  band  which  is  on  the  pointer  is  due  to  the  difference  between  the  dis- 
persions of  air  and  helium.  For  the  dispersion  of  air  the  formula  of  Kayser 
and  Runge  was  assumed — 

/*=  100028787+ ^-:§^  +  ^^ 

The  helium  was  repeatedly  repurified,  as  it  was  found  that  it  became 
contaminated  by  small  bubbles  of  air  creeping  in  during  the  manipulations. 

Out  of  a  large  number  of  experiments  we  select  six  as  the  most  trust- 
worthy for  the  refraction  at  the  D  line. 

These  are  as  follows — 


1907. 

Oct.  1. 

Oct.  14. 

Oct.  21. 

Oct.  23. 

KoF.  13. 

Dec.  18. 

(m-i)io« 

34-871 

84 -869 

34-836 

35  022 

35*008 

34*946 

The  mean  of  these  is  34"93,  and  this  we  adopt  as  the  refractivity  at 
X  =  5893. 

For  the  dispersion  the  last  and  best  series  of  experiments  gave  for  the 
difference  of  refraction  between  X  =  6500  and  X  =  5300  the  following 
values — 

KP>—  1-)a  =  6300  —  (/*—  1)a  =  6S0O- 

0-000000096 
0000000120 
0-000000109 
0-000000084 
0-000000078 
0-000000109 
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The  mean  of  these  is  0-000000099,  and,  adopting  this  value,  we  obtain  fw 

the  curve  of  refraction 

8'3        „.„„„„^.^/,  .    2-4   \ 
"X»10"J' 


/L-l  =  000O0347  +-^,i  =  0-0000347(1+; 


The  difference  between  the  values  given  above  eeems  lai^e  ;  but  it  must  be 
remambered  that  they  represent  direct  determinationB  of  the  diepersioUj  which 
IS,  between  the  limits  chosen,  1/350  part  of  the  refractivity.  They  correspond, 
therefore,  to  aa  accuracy  in  the  determination  of  the  refraetivity  of  any 
particular  ray  350  times  as  great. 

We  think  the  refraetivity  can  he  trusted  to  ^  per  cent.,  but  the  difipereion 
to  not  less  than  10  per  cent. 

ThuBj  the  dispersion  of  lielium  hears  to  the  lefiaction  a  ratio  of  one- half  m 
one-third  that  which  the  dispemion  of  air  bears  to  its  refraction. 

The  figures  given  are  thoae  for  a  mon atomic  gas.  For  comparison  with  tJie 
other  elements  they  should  be  doubled, 

la  XOOl  Sir  Williara  Ramsay  and  Dr.  Travera  found  for  helium,  with  whit© 
light,  the  value  1  0000363.  Our  value  is  375  per  cent.  les«.  If  this  difier- 
ence  were  due  to  greater  purity  of  the  gas  there  should  be  a  correspooding 
decrciise  iu  the  density.  But  an  experiment  on  the  specimen  we  used  gave  a 
density  of  1'9&4  against  V98  adopted  by  IJamsay  and  Travers^  siJ  that  the 
discrepancy  cannot  be  explained  in  this  way,  and  may  bo  attributed  to  our 
good  fortune  in  having  a  larger  quantity  of  the  gas  than  its  discoverers  could 
command. 

In  a  previous  paper,  by  C.  Cuthbertson,*  attention  was  drawn  to  the 
simplicity  of  the  ratios  between  the  refractivities  of  the  five  inert  gases.  The 
following  table  shows  that,  with  the  new  value  for  helium  now  obtained,  the 
coincidence  is  even  better : — 


Element. 

Befractivities. 

Batios. 

Dirergenoe  per  cent. 

Ramsay  and 
Trarew. 

C.  C.  and 
E.  P.  M. 

Argon 
standard. 

Helium 
standard. 

Helium 

36-3 

68-7 

284  0 

425  0 

689-0 

34-93 

i 
t 

2 

3 

5 

+  2-3 
-3-2 
0-0 
-0-2 
—3-0 

0-0 
-1-7 
+  1-6 
+  1-4 

1    -A, 

Neon 

Argon    

Krypton    

Xenon    

There  is  still  room  for  improvement  which  may  be  found  when  the  indices 

of  the  other  gases  are  remeasured  after  being  purified  by  absorption  over  cold 

charcoal. 

♦  *  Phil.  Trans.,'  A,  vol.  204,  p.  323,  1906. 
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The  results  now  obtamed  may  be  summarised  as  follows : — 
Mercury ^-1  =  0-001755  (l  +  |,^,). 

Sulphur  ^_i  =  0-001046(1  +  ?^,). 

Phosphorus /i-1  =  0-001162(1  + -^-^V 

HeUum    ^-l  =  0-0000347  (l  +  ^^J. 

The  dispersion  of  mercury  is  about  four  times  that  of  air. 

The  index  of  sulphur  for  infinite  waves  is,  within  2  per  cent.,  four  times 
that  of  oxygen.     Its  dispersion  is,  not  so  exactly,  four  times  that  of  oxygen. 

The  index  of  phosphorus,  for  infinite  waves,  is  exactly  four  times  that  of 
nitrogen.     Its  dispersion  is  almost  exactly  twice  that  of  nitrogen. 

The  index  of  helium  is,  within  1-6  per  cent.,  one-eighth  of  the  best 
existing  value  for  the  index  of  argon.  Its  dispersion  is  about  three-sevenths 
that  of  air. 

We  have  great  pleasure  in  expressing  our  cordial  thanks  to  Professor 
Trouton  and  the  staff  of  the  Physical  Laboratory  at  University  College, 
London,  for  assistance  and  advice,  and  to  the  Boyal  Society  for  a  grant  in  aid 
of  the  research. 


420 


Rosition  1 


B 


On  the  Electrical  Resisianoe  of  Momng  Matter, 

By  ProfesaoT  K  T.  Thoutojt,  F.K.S.,  and  A,  0.  Rankime,  B.Sc-,  tJai\n&ttitj 

College,  London. 

(Received  Febnmry  20,— Read  March  5,  1908.) 

The  question  of  relative  motion  between  the  earth  and  the  neighbouring 
ether  haa  been  under  diecussion  for  maiiy  years.  It  has,  from  time  io  time, 
been  the  subject  of  important  investigatione ;  but  these  have  all  resulted 
negatively.     The  experiment  about  to  be  described  is  not  different  from  tkiu 

in  this  respect,  yielding,  as   it  does,  m 

"""^X  ^ \  definite  information   on  the  main  poinl 

^""^  It  waa  suggested  and  oommeoced  bjr  one 

of  us  some  years  ago;    but  the  aerioaa 
ditticukieft      which      invariably     att«nri 
measurements    of    such    delicacy    have 
delayed  its   completion  till   the  present 
time.     Indirectly,  the  aim  was  to  measure 
the   direction   and  magnitude   of  ether- 
drift  ;  the  actual  method  having  been  to 
attempt  to  demonstrate  the  existence  of 
the  Fitzgerald-Lorentz  shrinkage  which 
has  been  supposed  to  mask  the  effect  in 
the  direct  experiments  of  Michelson  and 
Morley,  and  of  Trouton  and  Noble.    It 
may  be  as   well   to  say  at  once  that  if 
such  a  shrinkage  be  real,  it  is  in  this 
experiment  also  obscured  by  some  other 
exactly  compensating  change  or  changes, 
no  effect  approaching  that  to  be  otherwise 
expected  having  been  observed. 

The  principle  of  the  measurement  is  a 
very  simple  one.  Imagine  a  unifonn 
wire  AB  (fig.  1)  of  length  /  and  cross- 
sectional  area  a  moving  through  the  ether  in  a  direction  parallel  to  its 
lengtli  with  a  velocity  v.  Let  p  be  its  specific  resistance  and  E  its  total 
electrical  resistance.     The  relation 


U 


Position  2 


B 

Fio.  1. 


K  =  o- 


(1) 
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is  then  true.     Differentiating  logarithmically,  we  obtain 

^ow  suppose  that  the  wire  AB  is  turned  through  a  right  angle,  so  that  its 
length  is  perpendicular  to  the  velocity  v.  According  to  the  Fitzgerald- 
Ix>rentz  shrinkage  hypothesis,  the  length  of  the  wire  will  be  thus  increased 

by  a  small  amount  Bl,  such  that  -:  =  i(^) ,  where  V  is  the  velocity  of  light, 

and  all  powers  of  v/Y  higher  than  the  second  have  been  neglected,  v  being 
supposed  very  small  compared  with  V.     Writing  fi  for  v/Y,  we  have 

This  is  not  the  only  change  in  dimensions  to  be  expected.  In  the  first  position 
of  AB  both  dimensions  of  the  cross  section  are  perpendicular  to  the  dii^ection 
of  motion,  while  in  the  second  position  one  remains  perpendicular,  but  the 
other  becomes  parallel.  A  decrease  in  this  latter  dimension  of  the  relative 
amount  ^^8^  will  cause  a  diminution  of  a  in  the  same  ratio.    Therefore 

a 
Substituting  in  (2),  it  follows  that 

K        p 

If  it  be  supposed  that  the  specific  resistance  of  the  material  forming  the  wire 
is  independent  of  the  direction  of  motion,  hpjp  =  0,  and  therefore  SR/R  =  /8*. 
Hence,  on  the  above  assumptions,  it  is  to  be  expected  that  the  resistance  of  a 
wire  with  its  length  perpendicular  to  the  ether-drift  will  be  greater  than  when 
parallel  in  the  ratio  (1 +)9^) :  1.  On  the  other  hand,  should  there  be  no  change 
in  total  resistance,  two  alternatives  present  themselves.  Either  there  is  no 
alteration  of  length  of  the  kind  supposed,  or  the  specific  resistance  changes 
in  such  a  way  as  to  compensate  it.  In  the  latter  case  the  law  of  change  would 
be  that  the  specific  resistance  of  a  material  to  a  current  flowing  parallel  to  the 
ether-drift  is  greater  than  that  at  right  angles  to  this  direction  in  the  ratio 
(1  -I-  ^) :  1.  The  present  investigation  \vas,  however,  based  upon  the  assump- 
tion that  the  specific  resistance  was  constant ;  and  the  object  in  view  was  to 
detect  a  variation  of  the  resistance  of  a  wire  with  direction. 

The  method  used  was  the  ordinary  Wheatstone  bridge  method  of  comparing 
resistances,  specially  adapted,  of  course,  to  the  particular  requirements  of  this 
case.  With  certain  modifications,  to  be  described  later,  the  arrangement  was 
as  follows : — ^Four  coils  of  wire,  each  wound  upon  a  flat  rectangular  frame, 
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fonned  the  four  arms  of  a  Wheatatone  bridge.  By  suitably  adjnstdng  the 
position  of  any  frame,  the  wire  on  it,  with  the  exception  of  the  small  part 
used  in  turning  the  comers,  could  be  made  to  take  up  any  desired  direction. 
The  frames  were  arranged  horizontally  on  a  stand  so  that  the  wires  forming 
opposite  arms  of  the  bridge  were  parallel,  and  those  forming  adjacent  arma 
perpendicular  to  one  another.  The  arrangement  is  shown  diagrammatieally 
in  fig.  2.  The  lines  marked  1,  2, 3,  and  4,  must  be  taken  as  representing  the 
direction  of  the  major  part  of  the  wire  on  the  corresponding  coiL  If  the 
resistances  of  1,  2,  3,  and  4  are  equal,  there  will  be  no  current  through  the 
galvanometer.  Suppose  that  the  coils  1  and  3  are  parallel,  and  the  ooiIb 
2  and  4  perpendicular  to  the  ether-drift ;  also  that  balance  is  obtained,  and 
the  resistance  of  each  coil  is  equal  to  R   If,  now,  the  stand  be  rotated  through 


Position  1. 


Position  2. 


Fig.  2. 


a  right  angle,  so  that  1  and  3  become  perpendicular,  and  2  and  4  parallel  to 
the  drift,  it  is  to  be  expected,  on  the  previous  assumptions,  that  1  and  3 
will  each  increase  in  resistance  by  an  amount  SR,  and  that  2  and  4  will 
each  diminish  by  an  equal  amount.  This  would  result  in  the  balance  being 
destroyed;  and  a  current  of  magnitude  ESR/E(R+5')  would  flow  through 
the  galvanometer  in  the  direction  indicated  by  the  arrow.  Here  E  represents 
the  KM.F.  of  the  battery,  and  g  the  galvanometer  resistance ;  and  the  internal 
resistance  of  the  battery  has  been  neglected.  Or,  if  for  some  reason  it  has 
been  impossible  to  obtain  perfect  balance  in  the  first  instance,  and  a  small 
curredt  flows  in  the  galvanometer  all  the  time,  the  change  to  be  expected 
upon  rotation  in  the  magnitude  of  this  current  is  measured  also  by 
E3R/K(B+^).     In  other  words,  and  remembering  that  the  expected  value  of 
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E 
SR  is  R)9^  a  variation  of  current  of  value  p—  .  )8^  is  to  be  looked  for.   Since 

this  expression  contains  so  small  a  factor  as  ^  =  (u/YY,  it  is  obvious  that 
the  measurement  will  be  a  difficult  one  ;  and  this  was  indeed  found  to 
be  the  case,  many  effects,  usually  negligible  in  resistance  measurements,  now 
being  comparatively  large.  Their  elimination— or  rather,  partial  elimination, 
for  they  were  to  the  last  not  entirely  absent — was  very  tedious,  and  at  times 
appeared  almost  hopeless ;  but  it  was  at  last  eflfected  in  the  manner  about  to 
be  described. 

The  first  difficulty  was  due  to  the  presence  of  thermoelectric  currents, 
which,  at  first,  varied  so  rapidly  as  to  make  determinations  impossible.  It 
was  very  soon  found  that  junctions,  even  between  pieces  of  the  same  wire, 
which  were  originally  in  the  resistance  arms,  and  the  key  in  the  galvanometer 
arm  produced  disturbances  of  such  a  serious  character  that  they  had  to  be 
omitted.  Again,  it  was  at  first  intended  to  eflfect  balance  by  the  movements 
of  a  slider  on  a  thick  copper  rod,  the  other  end  of  the  galvanometer  arm 
being  permanently  attached  to  the  junction  between  the  opposite  arms.  It 
was  also  hoped  to  be  able  to  re-balance  after  rotation  by  a  further  movement 
of  this  slider ;  this  method,  however,  had  to  be  abandoned,  owing  to  the 
impossibility  of  moving  the  slider  without  producing  further  heating. 
Another  objection  to  the  use  of  this  thick  copper  rod  lay  in  the  fact  that  it 
was  the  cause  of  a  difierence  of  temperature  between  the  two  ends  of  the 
galvanometer  arm.  Practically  the  same  current  flowed  in  this  rod  and 
in  the  thin  wires  of  which  the  coils  were  made,  and  to  which  the  other  end  of 
the  galvanometer  wire  was  attached.  Owing,  therefore,  to  the  heating  effect 
of  the  current  itself,  a  permanent  difference  of  temperature  became  estab- 
lished at  the  two  terminals  referred  to.  To  effect  the  removal  of  these 
disturbances,  the  following  means  were  adopted.  The  four  bridge  arms  were 
made  of  two  unbroken  pieces  of  uniform  wire  soldered  together  at  the  points 
at  which  the  current  was  led  in  from  the  battery.  Here,  of  course,  small  varia- 
tions in  potential  were  ineffective,  producing,  in  the  case  of  perfect  balance, 
no  current  through  the  galvanometer,  and,  even  when  a  small  current  was 
flowing,  causing  changes  of  the  second  order  only  in  it.  There  wore  no  junctions 
at  all  in  the  wires  whose  resistances  were  being  compared.  The  galvanometer 
was  inserted  by  means  of  a  slider  (as  indicated  in  fig.  3),  which  joined  through 
the  former  the  mid  points  of  the  two  unbroken  wires  previously  referred  to. 
Contact  was  made  by  simple  pressure  between  crossed  wires.  It  was,  of 
course,  impossible  to  avoid  using  two  junctions  here ;  but,  by  arranging  them 
very  close  together,  and  because  they  were  now  equally  heated  by  the 
current,  the  thermoelectric  effects  were  reduced  practically  to  zero. 
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Another  and  more  persistent  disturbance  arose  from  unequal  heating 
producing  changes  of  resistance  in  the  coils.  It  soon  became  evident  that 
it  would  be  impossible  to  use  uncovered  wire  ;  but  even  when  the  wire  used 
(originally  copper)  was  thickly  covered  with  gutta-percha,  the  effect  of  heating 
was  too  large  to  make  definite  measurements.  The  coils  were  arranged  one 
above  the  other  on  a  stand,  and  were  turned  about  a  vertical  axis  inside  an 
enclosure  made  of  wood  and  felt.  The  temperature  of  the  air  varied  from 
point  to  point  of  this  enclosure ;  and,  upon  rotation  of  the  stand,  changes  of 
resistance  occurred,  owing  to  the  coils  occupying  different  positions  in  it. 
Moreover,  even  when  the  coils  were  not  rotated,  the  behaviour  of  the  current 
in  the  galvanometer  indicated  a  gradual  increase  of  resistance  in  the  upper 
coils  relative  to  the  lower  ones.  This  was,  doubtless,  due  to  the  warming  of 
the  air  in  the  enclosure  by  the  currents  which  were  flowing ;  and,  the  warm 
air  rising,  the  upper  resistances  increased  more  rapidly  than  those  lower 
down.  With  the  exception  of  this  latter  effect,  the  disturbances  were 
removed  by  rotating  the  enclosure  itself  with  the  stand,  thus  carrying  the 
temperature  distribution  of  the  air  round,  and  by  making  the  coils  with 
manganin  wire  instead  of  copper,  on  account  of  the  much  smaller  temperature 
coefficient  of  the  former.  The  relative  increase  of  resistance  of  the  upper 
coils  was  thus  made  much  more  gradual,  but  it  has  been  found  impossible 
to  entirely  eliminate  the  effect,  and  it  has  been  necessary,  even  in  the 
final  form  of  the  apparatus,  to  take  time  readings  of  the  current  for  the 
various  positions  of  the  stand.  The  variation  of  the  current  in  the  galvano- 
meter, due  to  this  cause,  is  now,  however,  sufficiently  slow  to  make  it  quite 
easy  to  distinguish  from  it  the  immediate  genuine  effect  which  is  looked  for. 

A  further  spurious  effect  was  that  due  to  alterations  in  resistance  which 
were  brought  about  by  stresses  introduced  in  rotating  the  stand.  As  it 
happened,  the  magnitude  of  this  effect  was  just  of  the  order  of  that  expected ; 
and  this  at  one  time  led  us  to  suspect  a  positive  result.  The  apparatus  at 
that  time  was  not  in  its  final  form,  and  was  not  adapted  for  rotations  other 
than  a  right  angle ;  so  it  was  impossible  to  make  an  absolutely  conclusive 
test  The  balancing  bridge  (shown  in  fig.  3)  was  not  then  rotated  with  the 
rest  of  the  apparatus,  and  thus  there  arose  a  possibility  of  strain  in  the  wires 
forming  parts  of  the  resistances  which  were  being  compared.  This  difficulty 
was  finally  surmounted  by  rotating  the  whole  of  the  apparatus  bodily,  with 
the  exceptions  of  the  galvanometer  and  battery.  This  removed  the  strain  to 
the  wires  leculing  to  the  two  latter,  i.e.,  to  places  where  small  changes  of 
resistance  were  unimportant. 

Finally,  it  was  necessary  to  remove  an  effect  which  can  hardly  be  called 
a  disturbance.    As  has  been  already  pointed  out,  the  use  of  a  key  was 
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dispenaed  with  in  the  galvanometer  arm.     The  result  of  pennanent  eontiet 
was  to  produce  an  induction  current  in  the  galvanometer  when  the  apparat\» 
WI18  tiirned  i-ound.     This   would  not  have   mattered  if  it  had  not  been 
neceesary  to  take  time  readings  on  account  of  heating  effects,     Readmgfl 
wore  eventually  t^ken  every  (|uarter  minute,  and  the  galvanometer  was  not     j 
sufficiently  damped  to  make  this  possible  when  the  throws  were  Idnrgt.    hm^ 
the  whole  region  of  space  occupied  by  the  stand,  the  magnetic  field  of  the 
earth  was  reduced  practically  to  zero  hy  suitably  disposing  16  permanent 
magnets  in  the  neiglibourhood.   The  temporary  induction  effect  upon  rotatioi^^ 
died  out  then  completely  in  about  five  or  six  seconds  after  that  rotation,      1^^ 

The  final  arrangement  of  the  apparatus  is  shown  diagram  matically  in 
fig.  3,  The  four  coils,  1,  2,  3,  and  4,  are  arranged  on  a  stand  or  before 
indicated,  and  above  them  (and  also  fixed  to  the  stand)  the  balancing  bridgp 
A,  Tins  latter  merely  consists  of  about  5  or  6  cm.  of  bared  wire  drawn  tatit 
on  a  wooden  stand  The  wires  are  here  parallel  and  about  a  centimetre 
apart,  and  the  slider  E,  through  which  wires  lead  to  the  galvanomerer,  is 
movable  along  their  length  by  means  of  a  screw  D.  The  slider  B  consista 
of  an  arrangement  by  which  the  two  wires  from  the  galvanometer  are  pressed 
down  by  springs,  one  on  ea<;h  wire  of  the  balancing  bridge,  and  balance  is 
obtained  by  using  the  screw  D.  The  whole  of  the  apparatus,  with  tlie 
exception  of  the  Eralvanometer  and  battery,  is  encased  m  a  cubical  douLIe- 
walled  enclosure,  which  is  fixed  to  a  horizontal  turntable,  the  interspace 
between  the  two  walls  of  the  enclosure  being  filled  with  cork  dust  for 
purposes  of  thermal  insulation.  The  screw-head  D  projects  outside  the 
enclosure,  so  that  adjustments  may  be  made  without  opening  the  latter,  and 
the  wires  to  the  battery  and  galvanometer  are  led  out  through  a  small  hole 
At  the  top  on  the  vertical  axis  of  rotation. 

The  battery  used  is  a  single-storage  cell.  The  galvanometer  is  of  the 
Du  Bois  type — a  low-resistance  suspended  needle  galvanometer,  trebly 
•shielded  with  soft  iron.  These  shields  are  very  effective  in  removing 
magnetic  disturbances  such  as  those  caused  by  the  neighbouring  electric 
railway,  and  they  are  found  to  be  very  necessary  in  delicate  work  of  this 
description.  The  behaviour  of  the  needle  is  examined  by  using  a  Nemst 
lamp  and  scale  at  about  2^  metres  distant,  and,  in  its  most  sensitive  state,  a 
.scale  deflection  of  about  4  cm.  can  be  obtained  with  a  current  of  lO""* 
.ampere. 

In  the  actual  experimental  work  the  field  about  the  needle  was  found  to 
'be  variable,  and  the  sensitiveness  increased  with  the  scale  reading.  This  is 
shown  in  fig.  4,  where  the  deflections  produced  by  an  additional  10"~*  ampere 
Are  plotted  against  the  scale  reading.     The  expected  deflection  upon  rotation. 
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therefore,  yaried  vdth  the  scale  reading  at  that  time,  and  use  was  made  ot 
this  calibration  in  calculating  the  results. 

With  regard  to  the  dimensions  of  the  apparatus,  the  coils  were  made 
of  gutta-percha-covered  24  manganin  wire,  each  of  them  consisting  of 
16  turns  round  a  6-inch  square  flat  frame.  Almost  exactly  1/7  part  of 
the  wire  was  not  horizontal,  i.e.,  the  parts  used  in  turning  comers,  and  in 
leading  to  the  bridge.  This  fraction  was,  therefore,  not  expected  to  con- 
tribute to  the  calculated  change  of  resistance.  The  resistance  of  each  coil 
was  11*16  ohms  and  that  of  the  galvanometer  10  ohms. .  The  KM.F.  of  the 
storage  cell  was  slightly  variable,  but  was  taken  as  having  an  average  value 
of  2'1  volts,  and  its  internal  resistance  has  been  regarded  as  negligible. 


Fio.  4. 


100  100 

Scale  reading  in  ntnt. 

SenBitivenefls  of  galvanometer. 

To  calculate  the  expected  variation  in  current  upon  rotation,  therefore,  we 
49abBtitute  the  above  values  in  the  formula 

This  must,  however,  be  reduced  by  1/7  part,  in  order  to  allow  for  the  non- 
contributing  parts  of  the  wire.    We  have 


SC  = 


6x21 
7x21-16 


fi^  ampere 


=  -  .  ^  ampere,  approximately. 

If  the  earth's  orbital  motion  only  be  taken  into  account,  the  value  of  fi^  is 
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approximately   10~*    and   in   this   case   the   expected    change    in    cnireiit 

would  be 

0-86  X  10"®  ampere. 

Such  a  curri?nt  would  produce,  in  the  neighbourhood  of  the  scale  reading 

0  (fig.  4),  a  deflection  of  8*4  mm*,  but  the  particular  deflection  to  be  expect^ 
dep&nds  on  the  part  of  the  scale  at  which  the  determination  is  made. 

Moreover,  if  the  sun's  proper  motion  be  allowed  for,  the  value  of  ^ 
id  dependent  upon  the  time  of  year,  and  a  special  calculation  is  required  in 
eaoh  case.  This  has' been  done  for  the  resulta  given  later  in  Tables  II  and 
IV*  The  values  of  ^^  the  time  of  horizontal  drift,  and  its  azimuth  when 
horizontal,  were  obtained  ivom,  the  values  given  in  the  paper  descnbLng  the 
etiier-drift  experiments  of  Trouton  and  Noble.* 

The  method  of  taking  observations  was  as  follows : — A  time  was  choscoi 
when  the  calculated  direction  of  the  total  drift  was  horizontah  By  means  of 
moving  the  slider  B  (fig,  3),  an  attempt  was  made  to  reduce  the  current  in 
the  galvanometer  to  zero.  This,  however,  was  very  diflBcult,  and  not 
essential  Usually,  the  spot  of  light,  whose  position  indicated  the  magnitude 
of  the  galvanometer  current,  was  merely  brought  somewhere  within  the 
limits  of  the  scale,  and  possibly  there  would  be  already  a  current  of  about 
10 ~*  ampere.  The  spot  of  light  would  be  found  to  slowly  creep  in  the 
direction  indicating  a  relative  increase  of  i-esistance  in  the  upper  coils.  Its 
velocity  would,  however,  become  much  smaller  after  the  current  had  been 
flowing  for  some  time.  (It  may  here  be  pointed  out  that,  as  a  rule,  the 
battery  was,  on  this  account,  connected  up  with  the  bridge  some  hours 
before  taking  an  observation.)  The  turntable  was  then  rotated  until  one 
pair  of  coils  became  parallel  to  the  drift,  and  a  reading  was  taken  at  a 
particular  instant.  The  turntable  was  then  turned  at  once  through  a  right 
angle,  and  a  further  reading  taken  after  15  seconds.  Immediately  the 
turntable  was  restored  to  its  original  position,  another  reading  following 
after  15  seconds,  and  so  on  for  about  20  reversals.  Thus  a  set  of  20  readings, 
at  half-minute  intei'vals,  was  obtained  for  each  of  the  two  positions  of  the 
stand. 

Unfortunately,  owing  to  mechanical  shaking  of  the  galvanometer  (a 
disturbance  which  is  never  absent  in  London  except  in  the  early  hours  of 
the  morning),  it  was  impossible  in  the  daytime  to  take  readings  nearer  than 

1  mm.,  although  the   optical   definition  was   otherwise  sufficiently  good  to 
admit  of  estimation  to  1/10  mm. 

The  following  set  of  observations  is  typical : — 

♦  *  PhiL  Trans.,'  A,  vol.  202,  pp.  166—181. 
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Table  I. 

Date,  December  16,  1907.    Time,  4.40 — 4.50  p.m.    Azimuth  of  horizontal 

drift,  measured  eastwards  from  meridian,  j7r+42^ 

Headings  on  scale  (measuring  the  values  of  galvanometer  current) : — ' 


Azimuth  of  1  and  8 

Azimuth  of  1  and  8 

Azimuth  of  1  and  8 

Azimuth  of  1  and  8 

(paraUel  drift) 

(perpendicular  drift) 

1        (panUel  drift) 

(pexpendioular  drift) 

-48°. 

+  42^ 

1               -48°. 

1 

+  42^. 

mm. 

mm. 

mm. 

-14 

-39 

-16 

-41 

-17 

-42 

-18 

-43 

-20 

I 

-45 

-20 

-46 

-22 

-47 

-26 

-47 

-26 

-49 

-26 

-61 

-28 

-52 

-29 

-68 

-30 

-68 

-81 

-64 

-32 

-64 

-82 

-66 

-38 

-66 

-36 

-67 

-36 

-57 

-88 

-68 

-88 

1                -60 

-89 

-66 

-68 

It  will  at  once  be  apparent  that  there  is  no  general  tendency  for  the 
numbers  in  one  column  to  be  in  excess  of  those  in  the  other  hj  the  expected 
amount,  viz.,  10*9  mm.  It  is  somewhat  diflBcult,  however,  to  determine  the 
best  method  of  interpreting  them,  for  the  purpose  of  discovering  the  limits 
of  measurement  of  the  apparatus.  The  form  of  the  general  time  variation 
in  current  (so  called  to  distinguish  its  immediate  effects  attributable  to 
rotation)  is  unknown  and  not  necessarily  linear ;  hence,  to  take  the  difference 
of  the  means  of  the  nimibers  in  the  two  columns  is  only  approximate. 
This  latter  was  the  method  at  first  adopted,  but  although  the  results  were 
satisfactory  enough  where  the  general  current  variation  was  practically 
linear,  in  cases  where  this  condition  did  not  exist  discordant  values  of  the 
difference  were  obtained,  according  to  the  number  of  observations  utilised. 
Eventually  the  method  about  to  be  described  was  adopted  as  giving  the  most 
consistent  results. 

The  following  is  an  ideal  set  of  readings,  ai,  aa...a«  being  those  for  one 
position  of  the  coils,  and  &i,  &3 ...  &»_!  those  for  the  other  position : — 

2  H  2 
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Differetico*. 

E«Qdmg^, 

Diffetenoed, 

<ij-|{*,4-A,) , 

^'i-i  (*!  +  **) -"- 

Oh 

•            * 

=  Mean  of  differences  in  first  column. 

=  Mean  of  differences  in  laat  column. 

The  expreaaion  in  the  first  column  i^apnBsente  the  difference  between  m 
particular  value  of  ^  and  the  mean  of  the  values  of  6.  just  before  and  just 
after,  while  that  in  the  third  column  represents  the  difference  between  the 
mean  of  two  successive  values  of  a  and  the  intennediate  value  of  K  The 
means  of  the  differences  on  the  two  sides  respectively  are  given  below,  and 
they  are  to  be  expected  to  be  equal  to  one  another.  This  turns  out  to  be 
very  nearly  true,  and  the  final  mean  of  these  two  numbei*s  has  been  recorded 
in  Tables  II,  etc.,  as  measuring  the  observed  excess  of  the  "  a  "  column  over 
the  **  b  "  column. 

For  instance,  take  the  numbers  given  in  Table  I.     Here  n  =  23. 


Mean  of  differences  in  first  column  = 


-835  +  39  +  799 
21 


=  2?  =  +014  mm. 


Mean  of  differences  in  last  column  =  -395-835 4- 877  ^2J  ^  ^^^.^ ^  ^^^ 


22 


"22 


The  final  mean  is  therefore  +013  mm.,  and  this  measured  the  change  in 
current  caused  by  the  rotation  of  the  coils  in  this  particular  case. 

Now,  by  reference  to  the  magnitude  of  the  ether-drift  on  this  particnlar 
day,  and  to  the  curve  of  sensitiveness  of  the  galvanometer  (fig.  4),  it  will  be 
seen  that  the  expected  difference  of  scale  reading  is  +10*9  mm,  Thi'g 
certainly  does  not  exist ;  and,  in  view  of  the  fact  that  readings  were  made 
correct  to  1  mm.  only,  there  is  reason  for  supposing  that  the  observed 
difference  is  due  to  error  in  observation. 
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The  f oUowing  tables  are  records  of  the  other  observations  taken : — 

Table  11. 

These  observations  were  made  at  the  best  times  according  to  the  calcula- 
tions of  Trouton  and  Noble,  i.e.,  when  the  resultant  drift  is  horizontal. 


Date. 

Time. 

Magnitude 
of  drift. 

Ist  azimuth 
of  1  and  8. 

of  1  and  8. 

Calculated 
difference 
of  reading. 

Obeerred. 

Deo.,  1907. 

P.M. 

miles/sec. 

o 

o 

mm. 

mm. 

11 

4.50 

22  1 

-44 

+  46 

+  7-5 

0-0 

12 

6.0 

22-8 

-44 

+  46 

+  11-5 

+  0-2 

13 

4.46 

22-4 

-45 

+  45 

+  7-7 

+  0-1 

16 

4.40 

22-9 

-48 

+  42 

+  10-9 

+  0  1 

19 

4JM» 

28*8 

+  40 

-60 

-11-8 

+  0-2 

Jan.,  1908. 

8 

8.0 

26-7 

-68 

+  27 

+  11-4 

-0-2 

Table  III. 

In  the  following  cases  rotation  was  through  180^,  so  that  no  effect  is  to  be 
expected. 


Date. 

Time. 

Ist'azimuth 
of  1  and  8. 

2nd  azimuth 
of  1  and  8. 

Observed 
difference. 

Dec.,  1907. 
18 
16 
16 
19 

Jan.,  1908. 
8 

P.M. 

4.46 
18.6 

4.26 
12.25 

8.45 

o 

-45 

+  2 

-48 

0 

-68 

o 

(W2)  +  46 

«+  2 

(»/2)  +  42 

—  IT 

(ir/2)  +  27 

mm. 
-0-2 
+  0-8 

0-0 
-0-2 

-0-1 

Table  IV, 

The  following  three  observations  are  tests  for  the  earth's  orbital  motion 
alone,  no  attention  being  paid  to  the  effect  of  the  sun's  proper  motion. 


Date. 

Time. 

1ft  azimuth 
of  1  and  8. 

2nd  azimuth' 
of  1  and  8. 

Calculated 
difference. 

Obeerred. 

Deo.,  1907. 
16 
19 
19 

PJC. 

12.16 

12.6 

12.16 

o 

2 

0 
0 

o 

(ir/2)+2 

mm. 
-5-6 
-6-0 
-5-7 

mm. 
+  0-2 
+  0-8 
+  0-8 
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It  will  be  noticed  that  the  observed  diflference  is  sometimes  of  the  eami* 
sign  as   tliat  calculated,  and  at  other  times  of  opposite  sign.      We  axe, 
therefore,  inclined  to  attribute  it,  as  before  suggested,  merely  to  error  of 
observation ;  however,  even  supposing  it  to  be  a  real  effect^  ita  maxlmTim 
vakie  is  less  than  2  per  cent  of  that  looked  for. 

It  may  be  objected  that  the  above  method  of  experimenting  is  not  the 
correct  one — that,  to  be  quite  cot^clusive,  no  assumption  as  to  the  direetioii 
of  the  ether-drift  should  be  made.     With  a  view  to  settling  this  point  and, 
incidentally,  making  use  of  the  increased  accuracy  of  reat.ling   possible  at 
night  time,  the  foUowiog  sets  of   observations  were  made  throughout  th©_ 
early  morning  hours  of  January  18  last.     The  freedom  from  vibi-ation  mad4 
estimation   to  1/10  mm.  as  easy  as  1  mm.  readings  in  the  daytime,     Thii 
observations  were  spread  over  the  whole  time  fi-om  12  midnight  to  4,15  a.m.,' 
and  were,  in  a  sense,  a  search  for  ether- drift.    The  results  ai'o  calculated  in 
the  WEiy  previously  indicated,  and  tabulated  in  five  sections,  each  sectio^H 
containing  the  results   of  exactly   similar  treatment    as   regards    rotation. 
Tlius,  Section  I  contains  the  three  cases  in  which  the  first  azimuth  of  1  and 
3  was  0"^  and  the  second  azimuth  90^. 


d. 

at 

4 


Table  V. 


Time. 

1st  azimuttL        , 
of  1  ttnd  3. 

2ud  n^imuth 
of  1  »nd  3. 

of  aoifcle  reivding. 

Section  1 

A.M, 

12.0 

M 

m 

4 

0 
0 
0 

+  90            1 
+  90 
+  90 

mm. 
+  0'18 
+  0-41 
+  0  32 

9f^ion2 

1.0 
3,0 

0 

0 

-90 
-90 

-0-O4 
-0*04 

Se«t*£>a  3 

-46 

-^45 
-45 

+  45 

+  45 
+  45 

+  0-04 

+  0^05 
-0^ 

Section  4 

3.15 

^45 
+  45 

-46 
^46 

-0O4 
-0  31 

Section  6 

12.36 

-90 

+  90 

+  0-14 

In  interpreting  the  results  above  recorded,  careful  attention  should  be  paid 
to  the  treatment  of  the  coils  in  any  particular  case.  Since  the  readings  are 
now  made  to  1/10  mm.,  we  think  that  a  difference  which  affects  the  first 
place  of  decimals  measures  a  real  effect  produced  by  rotation.  Thus,  in  the 
first  section,  the  differences  are  of  this  magnitude  and  of  the  same  sign. 
That  they  are  not,  however,  due  to  an  effect  of  ether-drift  is  proved  by  the 
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observations  taken  at  intennediate  times  and  recorded  in  Section  2.  Here 
the  coils  were  rotated  in  the  opposite  direction  through  90^  also,  and  no  real 
effect  was  produced.  It  is  obvious  that,  for  measuring  a  genuine  ether-drift 
effect,  the  direction  of  rotation  through  90°  is  indifferent ;  and  the  fact  that 
the  observed  differences  of  reading  depend  on  the  direction  of  rotation 
removes  the  possibility  of  attributing  them,  small  as  they  are,  to  ether-drift. 
It  should  be  noticed,  too,  that  the  observation  recorded  in  Section  5  shows  a 
difference  of  the  same  order,  and  that  here  also  it  must  be  due  to  a  cause 
other  than  motion  through  the  ether,  because  rotation  is  through  180°.  In 
the  other  sections,  with  the  exception  of  the  second  observation  in  Section  4, 
the  differences  are  not  large  enough  to  justify  any  meaning  being  attached  to 
them. 

On  the  whole,  therefore,  this  set  of  readings  points  to  the  conclusion  that 
at  no  time  during  the  night  on  which  they  were  taken  was  there  a  change  of 
resistance  compai-able  with  that  looked  for.  We  have,  however,  been  unable 
up  to  the  present  to  account  for  the  small  spurious  effects  observed.  Several 
suggestions  have  presented  themselves,  but  none  appears  to  be  valid.  It  was 
thought  that  possibly  the  twist  on  the  galvanometer  arm  caused  by  the 
rotation  might  produce  a  sufficient  change  of  resistance  there  to  effect  the 
small  alteration  in  current.  Calculations,  show,  however,  that  a  change  of 
resistance  of  about  100  per  cent,  due  to  twisting  copper  wire  through  90° 
would  be  necessary  for  this  to  be  the  case ;  so  that  the  observed  effects 
cannot  be  attributed  to  this  cause.  A  second  idea  was  that  the  relative 
change  of  resistance  of  the  coils  was  brought  about  by  the  alteration  of  their 
distribution  with  respect  to  the  magnetic  field  in  which  they  stood.  That 
magnetic  field,  as  has  been  already  pointed  out,  was  very  small,  precautions 
Jiaving  been  taken  to  reduce  it,  as  nearly  as  might  be,  to  zero.  This  point 
was  tested  for  by  making  the  field  purposely  large,  in  the  hope  of  magnifying 
the  effect ;  but  to  no  purpose.  Finedly,  a  small  direct  action  of  the  rotating 
coils  on  the  galvanometer  was  looked  for  when  a  much  larger  current  than 
usual  was  passed  through  them.     Here,  again,  there  was  no  observable  effect. 

This  question  must  therefore  be  left  undecided.  It  does  not  really  affect 
the  main  aim  of  these  experiments.  With  regard  to  this  we  consider 
ourselves  justified  in  making  the  following  assertions : — 

1.  The  total  electrical  resistance  of  a  wire  is  not  altered  by  an  amount 
exceeding  5  x  10""^*  of  the  whole  amount  by  any  change  of  its  position 
relative  to  its  motion  through  space. 

2.  On  the  assumption  that  the  Fitzgerald-Lorentz  shrinkage  is  a  real 
effect,  the  specific  resistance  of  a  material  is  dependent  upon  the  direction  of 
flow  of  the  current,  being  greater  to  a  current  flowing  parallel  to  the  velocity 
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of  the  material  through  space  than  to  a  current  in  a  perpendicular  directioii. 
The  magnitude  of  this  change  of  specilie  resistance  ia  shown  by  the 
expemneots  to  be  certainly  within  2  per  cent  of  being  sufficient  to  com* 
pen  Bate  the  change  of  length. 

Note. — In  view  of  the  very  general  acceptance  of  the  Fitzgerald-Lorentz 
shntiki^e  theoiy,  the  negative  results  of  these  experiments  will  probably 
be  attributed  to  a  dependence  of  specific  resistance  on  direction  of  current 
flow*  In  tliis  connection  it  is  worthy  of  note  that  certain  independent 
considerations  point  to  the  same  conclusion.  The  electronic  theory  of  metallic 
conduction  leads  to  the  result*  that  the  specific  conductivity  of  a  material 
is  measured  by  the  egression 

A     X 
m     V 

where  n  is  the  number  of  electron^  per  unit  volume,  m  the  mass  of  an 
electron  and  c.  the  charge  upon  it,  v  the  mean  velocity,  X  the  mean  free  path 
(t,e.,  the  mean  distance  traversed  by  an  electron  between  successive  collisions 
with  atoms),  and  a  a  numerical  constant  It  is  not  here  of  intiportance 
whether  this  expression  is  absolutely  correct  or  not,  provided  that  it 
represents  the  facta  dimensionally.  The  specific  resistance  is  the  reciprocal 
of  the  above  quantity,  and  we  therefore  liave 

Of  these  quantities  «  and  *;  are  independent  of  the  motion  through  space. 
The  number  of  electrons  per  unit  volume  may  also  be  supposed  unaltered 
by  changes  of  azimuth  of  the  conductor^  because  the  latter  has  the  same 
volume  in  all  azimuths.  The  changes  of  p,  the i"e fore,  depend  on  the 
variations  of  the  quantities  m,  %\  and  X.  Let  us  denote  by  the  suffix  I  the 
values  measured  parallel  to  the  drift,  and  by  ^  the  corresponding  values  in  a 
direction  at  right  angles.     Hence, 

pi      mt     Vg    \i  ^  ^ 

On  the  shrinkage  theory,  we  expect 

Xf/Xf  =  l  +  i^, 
and,  following  Lorentz^f 

mt/mt  =  1+^. 

*  See  J.J.  ThoiiUHon,  *  Tlie  Corpuscular  Theory  of  Mattel-,'  p.  63. 

t  *  Amst^rdaui  Acad.  Pnx;./  1903 — 04,  p.  809.  Thia  value  gives  complete  eompensatiOD, 
while  AWiiham'ft  value,  milnxt  =  1  +  ^J9»,  does  not.  We  have  cooijie^jueiitlj  taken  it  in 
our  iuggeaticm  of  tbe  direction  in  which  to  look  for  the  mechanism  of  compeDsatioiL, 
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The  only  remaining  ratio  to  be  determined  is  vi/vt. 

Now  it  is  to  be  expected  that  the  average  kinetic  energy  of  the  electrons 
should  be  independent  of  the  direction  of  motion ;  or,  in  other  words,  the 
total  kinetic  energy  associated  with  any  particular  direction  should  be  the 
same.    On  this  assumption  we  obtain 

mtvi^  =  mtVt^,    or    — '  =  ^ ; 

Tflt        Vf 

hence  l+y8»  =  ^.     or    ^=l-f. 

Betuming  to  equation  (1),  it  follows  that 

g  =  (i+^)(i-f)(i+f)=i+^.. 

since  /9  is  a  very  small  quantity. 

That  is  to  say,  the  specific  resistance  parallel  to  the  ether-drift  is  greater 
than  that  at  right  angles  in  the  ratio 

1+/9^:1. 

This  corresponds  exactly  to  the  conclusions  respecting  specific  resistance 
arrived  at  in  the  experiments  above  described. 
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The  Relation  between  WiTid  Velocity  at  1000  Metres  AUitude 
ami  the  Surface  Pressu7'e  Distribution. 

By  E.  Gold,  M^,  Fellow  of  St,  John's  College,  Cambridge. 

(Commtmieated  by  Dr.  W,  N,  Bhaw,  F.R.B.     Received  February  26, — 

E6ad  March  5,  190S,) 

For  the  steady  horizontal  motion  of  air  along  a  path  whose  radius  of 
curvature  is  r,  we  may  write  directly  the  equation 

(<ar  siii\+ry  _  1,  ^i  (&>!•  sin  Xf 

T  per  r         ' 

expressing  the  fact  that  the  part  of  the  centrifugal  force  arising  from  the 
motion  of  the  wind  is  balanced  by  the  effective  gradient  of  pressure. 

In  the  equation  p  is  atmospheric  pressure,  p  density,  v  velocity  of  moTi'iDg 
air,  X  is  latitude,  and  ca  is  tlie  angular  velocity  of  the  earth  about  its  axia 

If  Bp/dr  be  negative,  it  is  clear  that  v  and  (^rsin  X  must  have  opposite  signB : 
or,  for  motion  iu  a  path  concave  towards  the  higher  preaanre,  the  air  must 
rotate  in  a  clockwise  direction,  the  well-known  result  for  auticy clonic  moUoiL 

Further,  the  maximum    uumerical   value   of     -^  ia   "^^^ — ^    and    the 

p  dr  r 

corresponding  maximum  value  for  v  is  cor  sin  X.  Therefore,  in  anti- 
cyclonic  regions  there  are  limiting  values  which  the  gradient  and  the 
velocity  cannot  exceed.  This  limiting  value  of  v  for  latitude  50°  and 
r=100  miles  is  approximately  20  miles  per  hour. 

At  the  surface  of  the  earth,  owing  to  friction  and  eddies,  the  mean  direction 
of  the  motion  of  the  air  is  nearly  always  inclined  to  the  isobars  ;  but  over 
the  sea  the  inclination  is  very  much  less,  and  it  seemed  probable  that  in  the 
upper  regions  of  the  atmosphere,  if  the  motion  were  steady,  the  air  would  in 
general  move  tangentially  to  the  isobars,  and  its  velocity  would  agree  with 
that  calculated  from  the  equation  given  above. 

The  question,  however,  arises  as  to  whether  the  pressure  is  likely  to 
continue  steady  long  enough  for  a  condition  in  which  the  equation 
is  applicable  to  supervene.  We  can  get  an  idea  of  the  time  that  would 
elapse  before  air,  starting  from  rest,  would  reach  a  state  of  steady  motion,  by 
considering  the  motion  of  a  particle  on  the  earth's  surface  (1)  under  a  constant 
force  in  a  constant  direction,  corresponding  to  straight  isobars ;  (2)  under  a 
constant  radial  force  corresponding  to  cyclonic  and  anticyclonic  conditions. 
The  particle  would  begin  to  move  at  right  angles  to  the  isobars  in  the 
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<liTection  of  the  force,  but  as  its  velocity  increased  it  would  be  deflected  by 
the  efifect  of  the  earth's  rotation  until  it  moved  perpendicularly  to  the 
force. 

The  equations  of  motion  of  a  particle,  referred  to  axes  fixed  relatively  to 
-t\ie  earth  and  having  an  origin  on  the  surface  in  latitude  \  are 

^-5.— 2ft)CosX-r- —  zwsmX^f  =  X, 
dt^  at  at 

d?z  ,0  ^  dx      rj 

_+2a.co8X^  =  Z. 

iT^here  the  axis  of  2;  is  vertical  and  the  axes  of  x  and  y  are  west  and  south 
respectively. 

If  there  is  no  vertical  motion  we  may  write  the  first  two  equations 

d^x       dy      V  d^V  .     dx      ^ 

^nd  the  form  of  the  equations  and  the  value  of  a  are  unaltered  by  changing 
to  other  axes  in  the  same  plane.  Let  us  take  the  y  axis  to  be  in  the  direction 
of  the  constant  force  b.    Then 

dr        dt  dr        dt 


■whence 


X  =  -^(a^— sin«^),         y  =  — (1— cosa^, 


if  the  particle  start  from  rest.  The  motion  is  therefore  oscillatory,  and  the 
particle  moves  in  a  series  of  cycloidal-like  curves,  fig.  1.  The  times  to  the 
jBUCcessive  intersections  with  y=6/a*  are  7r/2a,  37r/2a,  etc.     For  latitude  50° 


Fio.  1. 


these  are  about  4  and  12  hours.  They  are  independent  of  6.  If  there  is 
clamping,  the  motion  will  be  as  in  fig.  2.  If  the  motion  is  resisted  by  a  force 
Jcv  proportional  to  the  velocity,  the  path  will  be  inclined  to  the  aj-axis. 
Fig.  3  gives  the  path  for  the  particular  case  k=a  and  for  a  period  of  time 
^qual  to  2w/a,  or  16  hours. 


If  the  particle  start  from  the  centre, 


dO 


and  we  obtain 


B  =  0     and    ^  =  — Ja, 
r  =  ^  (1  -cos  \at)  =  ^  (1  -cos  0). 


The  particle  therefore  describes  a  cardioid,  but  if  there  is  damping  the 
motion  will  come  to  be  along  the  circle  r  =  i'R/a^. 

The  time  to  reach  the  circle  is  ir/a,  or  about  8  hours  for  latitude  50°. 

These  times  are  not  large  meteorologically,  and  we  may  therefore  expect  the 
relation  between  air  velocity  and  pressure  gradient  to  be  that  corresponding 
to  steady  motion  so  long  as  there  are  no  irregularities  to  produce  turbulent 
motion. 

For  application  to  wind  velocitiea  in  the  upper  air  we  require  to  know  the 
upper-air  isobars.  It*  we  have  air  in  which  the  horizontal  layers  are  iaothermal^ 
then  from  the  equations 

dp  =  — ^/5  dz,  p  =  gkpT, 


it  follows  that 


<-!/. 
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We  have,  therefore,  if  po  and  pQ-\-dp^  are  surface  isobars  and  px  and 
Pz+dpx  the  corresponding  upper  isobars, 

^-=rf^o^    g^that    ^'=^oT, 

Pz  Po  pz         pO    To 

Therefore  the  velocity  calculated  from  the  surface  isobars  will  apply  to  the 
upper  air,  except  for  the  factor  T^/Tq.  For  z  =  1000  metres  the  effect  of 
tins  factor  is  to  diminish  the  velocity  by  about  2  per  cent 


To-dTo 


If  the  conditions  are  not  isothermal,  but  such  that  the  isotherms  and 
isobars  intersect  at  an  angle  '^,  the  upper  isobars  will  have  a  different 
<iirection  from  the  surface  isobars,  and  the  value  of  the  upper  gradient  will 
also  be  changed. 

The  pressure  at  a  height  z  above  B,  the  point  of  intersection  of  po,  To,  is 
jpoe"'/*^-,  and  above  A,  the  point  of  intersection  of  po+dpo,  To— rfTo,  is 

(po  +  dpo)e-'/k{T^^di:nd- 

If  we  assume  the  vertical  temperature  gradient  to  be  the  same  over  all 
the  region  considered,  dH  will  be  the  -same  for  every  element  of  the  above 
integral,  and  we  can  put  dTm  =  dTo. 

If  these  two  pressures  at  height  z  are  equal,  we  must  have 

p^'^/Jifl^  =  (j>o-^dpo)e-'/k(T^^dTol 


or 


dpo  _  z  rfTo       _  _     dpo  _      TorfTo 
Po       k  1»^  Po  1»* 


In  this  case  AB  is  the  direction  of  the  upper  isobar  and  its  inclination  ^  to 
^he  lower  isobar  is  given  by 

tan0  = y^ , 

xefrocosec^+ydpocot-^ 

^^here  x  dTo  and  y  dpo  are  the  distances  between  the  isotherms  and  isobars. 
Substituting  for  dT©  and  dividing  out  by  dpo,  we  get 

cot  ^  =  cot  -^H ^  cosec  '^. 
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Taking  y  and  x  for  mllUinetre  isobars  and  1^  C.  isolliemiB  and  putting 
t  =  1000  metres  and  T^VT^  =  2T^—%  =  270^  Q,  say,  we  Ead 

cot  ^  =  cot  ^  +  2"8  -^  Gosec  ^< 

To  obtain  the  upper  pressure  gradient,  we  consider  the  upper  isobars  over 
B  and  K*  The  difiTerenoe  oi  temperature  between  B  and  N  is  yjx  .  dp^^  cos  ^ 
=  iU,  say. 

Therefore  the  upper  pressure  difference  is 

The  distance  between  these  isobars  is  f/dp^^  cos  ^  and  the  upper  gradient  is 

consequently 

yeus^       '         L  ■^ArTpi*    J      ycos^       '         L         T^j'  ;i:       J 

and  the  ratio     ^  |-f  -  ^*     ib     sec^fl+^^iLBHil]  J  , 

which  is  ffpzQo&ec^t  .  /^—X  ^  taking  T^/Tq  to  he  unity,  namely, 

*              1  sin  -Jr 

cosec  A  ,  — -— —     or      ,    , .  ^  \\  - 

cot  ^— t;ot  1^  sm  (V^— ^) 

In  the  special  coses^  i|r  =  0  or  180^  the  ratios  are 

(l±'^^.^)     or    (l±^),  for.  =  1000  metres. 

U  x^  2y,  which  would  represent  a  possible  case,  the  increase  or  decrease 
would  he  about  18  per  cent 

Per  ^  =  ^TT  the  rotation  would  in  the  same  circumstances  be  about  10^. 

During  the  year  1905  a  seiies  of  observations  in  the  upper  air  was  made 
at  Berlin  and  Lindenberg,  near  the  time  of  the  general  8  a.m.  morning 
observation B,  It  was  therefore  possible  to  compare  the  wind  velocities 
observed  with  those  calcuhited  from  measurements  of  the  gradient  by  the  use 
of  the  formula  at  the  beginning  of  tliis  paper,  the  motion  being  assumed 
tangential  to  the  isobars. 

For  purposes  of  calculation  the  formula  may  be  written 

t?  (1  + 0^00108  1?  cot  ^  cosec  X)  =  '^^^^^^  I  h  , 
where  ^  is  the  angular  radius  of  the  small  circle^  on  the  earth's  surface^ 
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osculatmg  the  path,  t?  is  in  metres  per  second,  x  is  the  distance  in  kilometres 
between  millimetre  isobars,  T,  B  are  the  temperature  and  pressure,  and 
To,  Bo  the  corresponding  values  for  air  at  0°  C.  and  760  mm. 

If  the  motion  is  along  straight  lines,  cot  '^  =  0,  and  the  values  of  v  for 
B  =  Bo,  T  =  To,  are  as  follows  if  x  =  50  kilometres. 


Latitude  ... 

...     30° 

40° 

50° 

60° 

70° 

V   

...    28-4 

221 

18-5 

16-4 

151 

If  Vq  represent  the  velocity  when  cot  -^  =  0,  we  can  most  easily  express 
the  solutions  of  the  equation  for  dififerent  values  of  '^,  x,  X,  by  taking  as 
independent  variables,  '^,  i^o,  ^ 

Taking,  as  an  example  of  the  dependence  on  '^,  X  =  50°,  vq  =  40  metres 
per  second,  we  obtain  the  following  values  for  v  in  metres  per  second  in  the 
case  of  cyclonic  motion. 

^^ 1^      2°      3**      4°      5°      6°      7°      8®      9°      10"^ 

V 17      21      24      26      28      29      30      31      31       32 

For  anticyclonic  motion  the  gradient  corresponding  to  t?o  =  40  metres  per 
second  is  above  the  maximum,  and  we  take  for  two  examples  i\)  =  12, 
30  metres  per  second. 

The  values  of  i;  are  then  £Cs  follows  for  the  two  cases : — 

^.       r.      2°.      3°.      4^      5^      6°.      r.      8°.      9^     10°. 

Forro-12 c  -—      —      —      20      16      15      14      14      14      13m.p.8. 

Foroo"30 t>«—      —      —      —      —      —      —      —      —      60       „ 

Where  no  value  is  inserted  for  r,  the  gradient  corresponding  to  the  given 
value  of  Vq  is  above  the  maximum  for  the  corresponding  value  of  '^. 

To  show  the  dependence  on  X,  we  take  -^  =  3°,  and  put  t?o  =  40  metres  per 
second  for  cyclonic  motion,  and  t?o  =  10,  5  metres  per  second  for  anticyclonic 
motion.  The  following  table  gives  the  values  of  v  for  different  latitudes  in 
.  the  three  cases : — 

\.      2ff,  40°.  60°.  60°.  70P. 

Forro»40 o  »  21  28  24  26  26  m.p.B. 

For«o»10 «  «  —  —  —  17  16       „ 

Forro-    6 «  =•     7  1        6-3  6*0        5-8        67  „ 

By  the  use  of  tables  giving  values  of  vq  for  different  values  of  x,  T,  B,  and 
of  V  for  different  values  of  X,  vo,  ^^,  each  wind  observation  at  1000  metres 
altitude  was  compared  with  the  value  deduced  from  the  surface  isobars.  The 
temperature  correction  was  not  applied.  , 

The  following  table  gives  the  result  of  the  comparisons  : — 
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The  upper  wind  coincides  in  direction  very  nearly  with  the  isobars  at  the 
ttrface,  and  the  wind  velocity  observed  agrees  well  with  that  calculated 
rom  the  pressure  distribution.  The  differences  are  not  greater  than  possible 
rrors  of  observation,  except  in  spring. 

It  is  known  that  the  upper  wind  always  veers  from  the  surface  wind,  and  the 
umbers  in  Column  7  show  that  in  1905  the  veering  was  considerably  greater 
L    winter  than  in  summer. 

If  the  effect  of  the  earth's  surface  were  the  same  as  if  a  frictional  force 
►X^osed  the  motion,  the  relation  between  the  wind  and  gradient  of  pressure 
::>idd  be  as  above,  except  that  the  effective  gradient  would  be  the  maximum 
c^dient  multiplied  by  the  cosine  of  a,  the  angle  between  the  path  and  the 
>'bars.  The  corresponding  velocity  would  be  approximately  vcosa,  except 
cases  of  considerable  curvature.  In  the  majority  of  the  observations  the 
x-rature  w«is  small,  and  we  should  therefore  expect  the  surface  wind  to  be 
^«t.rly  t?co8a,  so  that  the  numbers  in  Column  8  would  be  nearly  unity. 
^^8  is  far  from  being  the  case ;  but  the  change  of  the  station  of  observa- 
^xi  from  Berlin  to  Lindenberg  is  acxjompanied  by  a  corresponding  change  in 
*^^  ratio  of  the  surface  wind  velocity  to  t?  cos  a. 

This  suggests  that  the  effect  of  the  surface,  apart  from  the  purely  frictional 
^ffect^  is  to  reduce  the  velocity  in  a  given  direction  in  a  constant  ratio 
depending  on  the  locality,  and  that  departures  in  the  observed  velocities 
from  those  corresponding  to  this  ratio  are  to  be  associated  with  unsteady 
meteorological  conditions. 

The  last  column  gives  approximately  the  ratio  of  the  volume  of  air  crossing 
the  isobars  at  the  surface  to  the  volume  crossing  at  1000  metres. 

The  ratio  appears  to  be  nearly  constant;  the  change  in  December  is 
;irobably  due  to  the  exceptional  conditions  which  prevailed  during  part  of  the 
nonth,  when  the  air  was  considerably  warmer  at  1000  metres  altitude  than 
t  the  surface. 
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On  the  Polymm'phic  Chmiges  of  Ammonium  Nitrate, 

By  U.  Behn,  Harling  Fellow  of  the  University  of  Manchester. 

(Communicated  by  Arthur  Schuster,  F.R.^.      Received  and  read  June  27,  1907,— 
Received  in  revised  form  January  29,  1908.) 

As  has  been  shown  by  the  extensive  investigation  of  Tammann,  poly- 
morphic changes  ocenr  far  more  frequently  than  is  suppofsed.  Among 
su1>3tanQe8  which  exhibit  these  phenomena,  ammonium  nitrate  serves  m  a 
specially  interesting  example.  ITot  only  doea  this  compound  undergo  fom 
distinct  treinsformatioiis  within  a  range  of  150^f  but  the  remarkable  nature 
of  the  changes  possesses  a  speciiil  interest* 

The  various  modifications  of  ammonium  nitrate  have  been  studied 
repeatedly*  The  crystallography  by  Frankenheim  (1854),  O.  Lehmann,* 
Wyrouboff,f  and  Wallerant^  the  general  pliysical  properties  by  Bellati  and 
Eomanese,§  S,  Lussana^  and  recently  by  Tammann|j(1902). 

The  melting  }>oint  of  the  salt  is  about  +166*^.1  At  this  temperature  it 
solidifies  In  crystals  of  the  cubic  system  (modification  I).  At  +126°  the 
first  transformation  takes  place,  the  substance  beconiing  doubly  refractiTe 
(  +  )  and  the  crystals  beinf:  now  tetragonaL  This  modification  (II)  in  ^t?^% 
down  to  -f  83°  at  which  temperature  a  second  change  occurs,  optically 
biaxial  crystals  of  the  monosymmetric  system  being  formed.  These  crystals 
have  an  almost  tetragonal  appearance,  '' monocliniques  quasi-quadratiques'* 
(Wallerant). 

A  further  transformation  occurs  at  32°,  orthorhombic  ("  quasi-quadra- 
tiques  ")  crystals  being  formed.  This  modification  (IV)  is  stable  at  ordinary 
temperatures,  and  is  consequently  the  best  known.  The  parameters  are 
1-167  : 1 :  0-736. 

A  fourth  transformation  occurring  at  —16°**  was  first  observed  by 
Lehmann.      The   modification  (V)  produced  at  this   temperature  is  again 

♦  *  Molekularphysik/ 

t  Probably  *  Bull.  Soc  Min.  de  France.' 

I  'Comptes  Rendus,'  vol.  142,  1906. 

§  *  Atti  del  Istit.  Veneto '  (6),  vol.  4,  1886. 

II  *  Annalen  der  Physik,'  vol.  7,  p.  223,  1902. 

IT  H.  Schiff  and  U.  Monsacchi,  *  Zeit.  fur  Phys,  Chem.,'  voL  21,  p.  2,  1896  ;  168*  aocorf- 
ing  to  Bellati  and  Romanese  ;  161"  according  to  O.  Lehmann,  *  Ann.  der  Physik,'  voL  21, 
p.  181,  1906. 

♦♦  According  to  a  private  communication  from  Lehmann,  his  first  assertion  that  the 
point  of  transition  was  -4"  was  founded  on  a  mistake,  the  observations  proving  the 
temperature  to  be  — 16°. 
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tetragonal,  and  has  a  double  refractive  (  +  )  power  a  little  weaker  than  that 
of  the  modification  II.  The  general  similarities  of  the  two  modifications 
induced  Wallerant  to  suggest  that  they  were  identical.*  The  reasons  given 
for  this  supposition  will  be  discussed  in  the  crystallographic  section  of  the 
paper,  but  it  must  be  remarked  that  Wallerant  seems  scarcely  to  have 
realised  that  such  a  fact  as  this,  if  it  could  be  proved,  would  be  quite  imique 
and  possess  very  great  importance.  The  phenomenon  of  the  miscibility  of 
nicotine  and  water  within  two  ranges  of  temperature,  which  he  quotes  as 
an  analogy,  is  certainly  quite  a  different  case,  for  here  one  single  physical 
property  is  the  same,  whereas  with  these  crystals  it  is  a  question  whether 
the  same  form  with  all  the  physical  properties  identical  can  exist  within 
two  separate  ranges  of  temperature. 

In  the  following  investigation  an  attempt  has  been  made  to  attack  this 
problem  from  several  directions.  First,  the  volumes  of  the  two  modifications 
were  studied  and  compared ;  then  the  thermal  properties  were  investigated, 
and  finally  the  crystallographic  side  of  the  question  was  examined. 

The  salt  employed  was  the  purest  that  could  be  obtained  (Kahlbaum, 
Berlin).  Ten  grammes  slowly  heated  in  a  crucible  left  005  per  cent, 
residue.  As  the  salt  is  hygroscopic,  special  care  was  taken  to  obtain  it  in 
a  dry  condition.  Since,  upon  heating,  ammonium  nitrate  decomposes  even 
below  its  melting  point,  the  dehydration  was  effected  at  ordinary  tempera- 
tures by  exposure  over  phosphorus  pentoxide  in  evacuated  desiccators.  In 
this  manner  it  was  possible  to  obtain  the  salt  containing  certainly  less  than 
0*1  per  cent,  of  water.  I  am  much  indebted  to  Dr.  G.  H.  Bailey  for  helpful 
suggestions  on  this  point. 

Absolute  freedom  from  moisture  can,  however,  not  be  secured.  Upon 
opening  a  desiccator  which  had  been  standing  for  a  few  days,  a  strong  smell 
of  oxides  of  nitrogen  was  observed,  the  decomposition  occurring  more 
rapidly  at  higher  temperatures.  If,  for  instance,  the  salt  be  placed  in  a 
bent  glass  tube  which  is  evacuated,  and  one  limb  be  heated  to  100°,  whilst 
the  other  is  cooled  to  —  79°t  water  is  continuously  collected,  yet  the  salt 
becomes  no  drier.  At  130°  the  decomposition  is  still  more  rapid,  especially 
if  turpentine  is  present,  and  it  is  remarkable  that  this  decomposition  is 
accompanied  by  a  decrease  in  volume.  After  a  dilatometer  had  been 
maintained  for   three  hours  at  temperatures   between  100°  and  130°,  the 

"^^  "  n  n'y  aurait  rien  de  surprenant  dans  I'existence  de  deux  modifications  appartenant 
au  mSme  syst^me  et  parall^lement  orient^es.  .  .  .  Mais  bien  plus  il  n'y  a  en  r6alit6 
qu'one  modification  stable  dans  deux  intervalles  de  temperature." 

t  The  temperatures  of  solid  carbonic  acid  and  liquid  air  are  given  throughout  in  round 
numbers. 
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meniscus  fell  26  mm.,  and  the  next  day  upon  exposure  to  low  teinperatum 
the  bulb  of  the  instnimout  bui*st,  evidently  on  account  of  the  forinatioB  ol 
ice.  It  is  worthy  of  not©  that  the  salt,  which  after  the  heating  had  t 
brownish  appearance,  showed  no  traee  ot^  nitrite  when  analysed  (Bailey). 
These  observations  indicate  that  the  dilatometer  should  be  employed  first 
for  the  low -temperature  leadiugs  and,  subse^iuently,  for  the  liigher  tempera- 
tuTBBj  and  should  not  afterwards  be  used  again.  Even  during  the  filling 
of  the  dilatonieter  it  is  necessary  to  avoid  aa  far  as  possible  any  excessive 
heating.  Pi^ovided  these  preoautioiis  are  strictly  observed,  the  salt  remains 
perfectly  white,  and  no  sign  of  decomposition  can  lie  detected, 

The  dilatometers  employed  had  the  form  and  size  of  those  used  by  van^t 
Ho£f,*  with  the  slight  moiUfication  that  the  bulb  used  for  iilling  was  sealed  to 
the  capillary  tube  instead  of  being  connected  by  a  cork»  A  measured  qufintity 
of  the  dry  salt  was  placed  in  the  narrow  cylindiical  tube  of  the  dilatometer, 
which  was  then  sealed  off  and  the  liquid  was  drawn  in  from  the  other  end  by 
means  of  an  air  pimip. 

Pure  turpentinef  was  used  for  this  purpose  and  it  has  the  advantage  of 
remaining  liquid  throughout  the  whole  range  of  temperature  required.  In 
fiome  few  experiments  xylol  was  employed.  During  the  filling,  the  turpentine 
waa  allowed  to  boil  at  comimratively  low  tempera tureSj  whOe  the  upper  bulb 
was  surrounded  by  soliH  raiiionic  acid  to  pi'eveut  tuipentine  vapour  from 
escaping  from  the  dilatometer  and  thus  changing  the  composition  of  the 
liquid. 

After  a  few  preliminary  experiments  with  dilatometers  constructed  of 
ordinary  glass,  resource  was  had  to  thermometer  glass,  "  Jena  59,"  which,  as  is 
well  known,  possesses  an  extremely  small  secular  change,  and  is  also  in  other 
respects  regular  in  its  behaviour. 

The  bulb  of  the  dilatometer  was  immersed  in  a  bath  of  turpentine  in  an 
unsilvered  Dewar  vacuum  cylinder.  This  bath  was  heated  electrically  by 
means  of  a  short  nickel  wire  spiral  lying  at  the  bottom  of  the  vessel,  and 
cooled  either  with  water  flowing  through  a  suitably  bent  tube,  or,  for 
temperatures  below  0°,  with  solid  carbonic  acid  thrown  in  small  quantities 
into  the  turpentine.  The  bath  was  continually  stirred  by  a  revolving  stirrer 
of  the  ordinary  type  (fig.  1);  with  this  arrangement  the  temperature  was 
maintained  constant  to  1/10°  at  any  point  between  —70^  and  (say)  130®. 

The  temperature  was  measured  below  —  30°  by  a  pentane  thermometer,  at 
higher  temperatures  by  a  mercury  thermometer,^  both  made  of  "  Jena  59  " 

♦  *Zeit.  fur  phys.  Chemie,'  vol.  17,  p.  50,  1895. 

t  WooUey  and  Sons,  Manchester. 

I  Both  constructed  by  the  firm  of  C.  Richter,  Berlin. 
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glass  and  calibrated  at  the  Physikalisch-Technische  Beichsanstalt  of  Berlin. 

Both  thermometers  were  completely  immersed  in  the  turpentine  of  the  bath. 

Since  the  dilatometers  had  a  length  of  about  70  cm.,  it  was  not  convenient 


Tobdtti€ry 


to  completely  immerse  them,  and 
their  readings  had  consequently  to 
be  corrected  for  that  portion  of  the 
capillary  which  was  exposed. 

Preparatory  to  the  experiments 
with  the  salt,  the  behaviour  of  the 
turpentine  was  carefully  examined. 
Its  specific  gravity  was  0*865  at 
18^,  which  was  identical  with  that 
of  another  specimen  obtained  from 
Merck,  of  Darmstadt;  the  boiling 
point  was  155°;  it  became  very 
viscous  at  —130°  and  froze,  as  an 
apparently  crystalline  substance, 
with  contraction,  at  a  slightly  lower 
temperature. 

The  turpentine  was  practically 
free  from  water,  as  was  proved  by 
the  following  experiment :  —  Two 
hundred  grammes  of  the  liquid  were 
put  into  a  calorimeter,  together  with 
a  thin  glass  bulb  containing  several 
f;ramme8  of  anmionium  nitrate,  and 
a  second  bulb  containing  1  gramme 
of  water.  The  temperature  of  the 
apparatus  was  allowed  to  become  constant  at  16°*020.  Upon  breaking 
the  bulb  containing  the  salt  no  change  of  temperature  could  be  detected 
(16°*020±  0-005),  but  after  the  second  bulb  had  been  broken  the  tempera- 
ture fell  within  one  minute  to  15°'470.  This  result  was  confirmed  and 
seems  to  indicate  that  the  turpentine  contained  less  than  0*005  per  cent. 
of  water. 

The  dilatation,  measured  in  the  apparatus  previously  described,  gives  an 
almost  linear  curve,  the  apparent  expansion  increasing  slightly  with  tempera- 
tura  From  this  curve  the  following  values  of  the  volumes  (corrected)  are 
deduced,  the  volume  at  0°  =  1,  100°  =  1104,  30°  =  1-029,  -40°  =  0-966, 
and  hence  v  =:  vo{l'\-eU'^0fi+ yt%  a  =  0000922,  )3  =  0-00000163, 
y  :=z  -0-0000000045. 


Fio.  1. 
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Thus  the  real  coefficient  of  expansion  at 


-60°  =  0-000677 

-20'=  =  0-000852 

0°  =  0000920 

+  18°=  0-000978 


+  20°  =  0-000982 

+  60°  =  0-001069 

+100°  =  0001113 


The  values  found  by  Kopp  (1855)  and  by  Bellati  and  Komanese  for  a 
smaller  range  of  temperature  agree  reasonably,  their  values  at  20°  being 
0-000973  and  0-0009t)3  respectively. 

The  changes  in  volume  of  ammonium  nitrate  were  determined  by  Bellati 
and  Eomaneae  in  two  cases,  at  83°— 1-43  per  cent.,  and  at  32°+ 330  per  cent. 
It  seemed  of  interest  to  make  this  determination  for  alt  four  polymorphic 
changes.  The  following  results  were  obtained,  the  volumes  being  ooiupared 
with  the  volume  of  the  salt  at  20*. 


+  126°     +2-3  per  cent. 

+  83°     -1-4        „ 


+32° 


+  3*8  per  cent. 


The  individual  observationadilfer,  except  in  tbe  change  at— 18^,  less  th»a  0*2 
from  one  another.  As  can  be  seen,  the  changea  in  volume  are  considerAble  in 
magnitude,  alternately  an  increase  and  a  decrease  being  noted.  The  specific 
gravity  at  -f  20°  was  found  to  be  1-725. 

Regarding  the  last  value  in  the  table,  some  uncertainty  was  caused  by  the 
fact  that  after  the  fourth  transformation  the  meniscus  would  slowly  rise  for 
hours,  although  the  temperature  of  the  dilatometer  was  kept  constant.  After 
proving  that  this  change  was  not  due  to  any  secular  change  in  the  glass,  nor 
to  any  semi-permanent  change  in  the  turpentine,  it  was  shown  that  it  can  be 
accounted  for  by  the  slowness  of  the  transformation.  After  cooling  to  about 
—50°  for  at  least  12  hours,  the  meniscus  behaved  quite  regularly ;  but  on 
returning,  after  cooling,  to  the  standard  temperature  (4-18°)  the  new  position 
of  the  meniscus  was  always  sensibly  (up  to  0*5  per  cent.)  higher  than  before. 
The  correct  explanation  of  this  anomalous  behaviour  seems  to  be  that  part  of 
the  changed  salt  will  remain  in  this  modification,  even  if  heated  to  -h  18° ;  a 
fact  which  was  at  first  considered  improbable,  but  which  is  corroborated  by  the 
behaviour  of  the  salt  at  low  temperatures.  (Cf.  crystal lographic  section.) 
This  uncertainty  is  indicated  in  figs.  2  and  2a. 

The  chief  point  at  issue  is  the  relation  between  the  volumes  of  the  two 
tetragonal  modifications.  Fig.  2  shows  four  curves  determined  with  different 
dilatometere,  the  readings  for  these  being  uncorrected. 

Observations  were  made  at  —60°,  —50°,  —40°  —30°,  —20°   and  also  at 
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+  120°  and  +110°  (these  not  always),  +100°,  +90°,  +80°,  +70^  +60^ 
+  50°.  The  tetragonal  modification  ceases  to  be  stable  at  +83°,  but  it  could 
easily  be  cooled  to  +45°  at  which  temperature  the  change  generally  took 
place.  If  one  compares  this  observation  with  the  temperature-pressure 
curve  of  Tammann,*  it  is  seen  that  this  is  the  temperature  at  which  the 
change  between  the  modifications  II  and  IV  takes  place  at  ordinary  pressure. 
In  all  probability  the  transformation  starts  in  this  way,  although  the  actual 
product  observed  is  III. 


According  to  Wallerant,  modification  III  can  be  suppressed  altogether 
i^hilst  cooling,  either  by  a  small  addition  of  caesium  nitrate  or  by  pressure, 
this  transformation  product  having  a  larger  specific  volume  than  either  of 
the  neighbouring  modifications. 

From  the  curves  in  fig.  2f  it  appears  that  the  two  parts  might  be  connected 

Loe,  eU, 
t  The  limit  of  error  is  about  1  mm.    Greater  accuracy  would  be  possible,  but  for  the 
difficulty  of  estimating  the  temperature  of  the  exposed  stem  of  the  dilatometer. 
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by  B  reasonably  smooth  curve ;  yet  the  curvature  of  the  connectiDg  lint  ii 
greater  than  that  of  the  observed   partw.      From    these    e:Kperimetit8  m 
coBclusion  contradicting  the  identity  of  the  two  modifications  II  and  V  o«i 
he  arrived  at 

In  fig.  2a  the  dilatation  of  the  turpentine  is  ellmixiated,  and  the  changefi  ot  ^ 
volume  of  the  salt  are  thus  more  clearly  indicated. 
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The  temperature  at  which  the  fourth  change  occurs,  given  by  other  authors 
as  —16°,  was  determined  by  van't  Hoffs  method.*  After  about  half  the 
salt  had  been  transformed,  the  temperature  was  maintained  constant  at 
—  14°,  —16°,  —18°,  and  —20°,  and  readings  of  the  dilatometer  were  taken. 
The  slowness  of  the  change  precludes  great  accuracy,  but  the  most  probable 
value  appears  to  be  —18° 

For  the  calorimetric  work,  the  method  of  mixtures  was  employed. 
Measurements  were  made  of  the  specific  heats  above  and  below  the  point  of 
transition,  —18°,  and  also  of  the  heat  of  transformation.  The  liquid  chosen 
for  the  calorimeter  was  again  pure  turpentine.  The  salt  was  filled  into 
cartridges  of  tin  foil,t  this  material,  which  can  easily  be  broken  open   in   the 

*  *  Vorlesungen  liber  theoret.  u.  physik.  Chemie,'  vol.  1,  p.  18,  1898. 
t  The  tin  foil  was  rolled  in  several  thicknesses,  bright  side  outwards,  on  a  hollow 
wooden  cylinder ;  it  was  folded  at  the  bottom  and  the  cartridge  thus  formed  was  blown 
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calorimeter,  proving  satisfactory  for  the  protection  of  the  salt  from 
atmospheric  moisture. 

A  long  introductory  series  of  experiments  proved  quite  useless,  the  results 
being  discordant.  The  explanation  was  found  in  the  dilatometric  observations 
just  described.  Once  the  discovery  was  made  that  it  is  necessary  to  cool  the 
salt  for  at  least  twelve  hours  in  order  to  complete  the  transformation,  no 
difficulties  were  met  with.  The  methods  were  similar  to  those  previously 
,  employed.*  The  turpentine  was  ordered  in  two  large  consignments  to  ensure 
uniformity,  and  care  was  taken  to  use  each  portion  of  it  only  once.  For  the 
temperature  readings  a  thermometer  of  Jena  glass  59  and  of  small  range 
was  employed ;  this  instrument  was  twice  calibrated  at  the  Physik.-techn. 
Beichsanstalt,  at  Gharlottenburg. 

The  specific  heat  of  the  turpentine  at  ordinary  temperatures  (-1-16°)  was 
found  in  several  experiments  to  be :  0*425,  0*422,  0420,  0*424 ;  mean,  0*423. 
Since  it  appeared  to  rise  slightly  when  the  material  was  exposed  to  the  air, 
the  value  0*425  was  employed. 

1.  The  measurements  of  the  specific  heat  of  ammonium  nitrate  between 
—15°  and  -f  15°  gave  0*387,  0*397,  0*391,  0*399;  mean,  0*395.  For  these 
experiments  the  salt  was  kept  at  —15^  care  being  taken  not  to  .let  the 
temperature  fall  during  the  whole  process  below  this  point ;  during  the  last 
hait  hour  the  temperature  was  kept  constant  between  — 14***8  and  — 15°*2. 

2.  The  heat  absorbed  when  the  salt  was  heated  from  —20°  to  -f  15° 
enabled  the  heat  of  transformation  to  be  calculated.*f  Individual  results 
gave  1-64,  1*58,  1*61 ;  mean,  1*62. 

In  these  experiments  the  samples  were  first  maintained  for  at  least  twelve 
hours  at  —79°  and  then  heated  to  —20°,  which  temperature  towards  the 
latter  part  of  the  process  was  kept  constant  within  ±0°*2. 

3.  For  the  interval  —79°  to  —20°  the  specific  heat  was  determined,  0*351, 
0-352,  0*354;  mean,  0*352. 

For  the  interval  between  —  190°Jand  ordinary  temperature  the  value  of 

off  the  cylinder.  Then  a  tin-foil  disc  of  suitable  size  was  dropped  into  the  cartridge, 
which,  after  weighing,  was  filled  with  salt  and  closed  by  twisting  the  tin  foil  at  the 
upper  end. 

♦  U.  Behn,  *  Annalen  der  Physik,'  vol.  1,  p.  267,  1900. 

f  £,g,j  39*62  grammes  salt  in  3  grammes  tin  foil.  Turpentine  in  calorimeter,  270*8 
gnunmes.  Rise  of  temperature  in  calorimeter,  i^'llb.  Rise  of  temperature  of  salt  and 
tin  foil,  33''*3.     Water  equivalent  of  calorimeter,  10*45. 

38-62X  33-3  X  0-395  + 39*62  X^  + 30  X  33-3  X  0-05  =  270*8  X  4*71 5  x  0*425  + 1046  x  47 15. 

Hence  q^  1*64. 

X  Approximate,  as  measured  hy  pentane  thermometer. 
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the  specific  heat  proved  to  be  0'311^  0*30 7^  0^302  ;♦  mean,  0'305,     Hence  for 
Uie  interval  —190^  to  —20°  the  specilie  heat  may  be  taken  as  0*274.    * 

Taking  thiB  latter  value  and  that  of  3^  the  real  specific  heat  within  the 
range  may  be  expressed 

Sfi  =  a  +  H,     where     a  =  0*423     and    b  =  000143, 

In  a  similar  manner,  taking  the  value  of  Bellati  and  Eomanese  for  S| 

between  0°  and  31°  =  0'407,  and  the  value  given  in  1,  we  can  express 

Si^a-^M,    where     a  =  0"395     and    J  =  000075. 

In  addition,  we  have  the  values  determined  by  Bellati  and  Eomanese: 
Sa=0426,  S;i=  0-355,  and  84=0407  (between  0^  and  31°),  and  the  heats  of 
transformation  at  83°=5-33,  and  at  32*^=5-02. 

If  it  were  thermodynamically  possible  that  the  two  tetragonal  modifications 
were  identical,  we  should  have,  as  pointed  out  pre\"iously,  the  unprecedented 
instance  of  a  single  definite  substauee  being  stable  within  two  distinct  mng^a 
of  temperature.  Then  we  might  perform  the  following  reversible  cyde 
(^.  fig.  3).  Transform  1  gramme  of  ammonium  nitrate  at  +  83°  into  the 
modification  III,  stable  below  this  temperature ;  let  this  ooal  to  32*^ ;  hero 
transform  to  modilication  IV  and  cool  to  slightly  below  —18°  and  finaUi 


1 


+63* 


+:^^ 


-18^ 


Fio.  3. 


heat  this,  after  the  transformation  to  modification  V,  again  to  83^  (this  latter 
part  of  the  circuit  is  unstable  and  hence  can  probably  only  be  theoretically 
accomplished). 

*  The  last  value  due  to  a  more  carefully  conducted  experiment  is  given  double  value  in 
the  estimation. 
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This  series  of  changes  produces  Qa  calories  at  +  83^  (^3),  Q^  calories  at 
+  32®  (t'),  and  Qi  calories  at  — 18°  (^1).  The  specific  heats  of  the  modifications 
in  the  order  mentioned  above  are  S^^,  S4,  and  S5. 

Then  we  have       Q3+  [%zplt+Q'+  fs^rf^+Qi  =  {%^. 

It  would  be  wrong  to  suppose  that  the  identity  of  II  and  V  involves  the 
vanishing  of  the  sums  of  the  heats  of  transition.    This  could  only  be  the  case  if 


{SzpU+Cs^dt  =  f  Sfi^ft, 


as  we  should  have  in  that  case 

Q3+Q'  +  Qi  =  0. 

This  would  necessitate  that  each  of  the  heats  of  transition  should  be  zero, 
since,  according  to  van't  Hoffs  law  of  movable  equilibrium,  none  of  them 
can  be  negative. 

Unfortunately,  we  can  only  give  a  very  rough  estimate  of  S5  between  — 18° 
and  +  83°.  Supposing  that  this  quantity  alters  as  a  linear  function  of  the 
temperature,  we  should  find  the  average  specific  heat  — 18°  and  +  83°  to  be 
0-397.  But,  on  the  other  hand,  supposing  the  modifications  V  and  II  to  be 
identical,  we  might  employ  the  value  determined  by  Bellati  and  Eomanese 
between  83°  and  125°,  viz.,  0-426.  From  which  S  =  a  +  W4-c^*  (where 
a.  =  0-397,  b  =  0-000684,  c  =  -000000383),  and  thus  obtain  the  mean 
value  of  S  to  be  0*412  between  —18°  and  83° 

Assuming  the  latter  value  to  be  correct,  the  above  equation  would 
lead  to— 

5-3  +  51 X  0-355  +  5-0 -h 50  x  0401  -h  1*6  =  101  x  0-412, 

le,,  50-0  =  41-6. 

Although  slight  en'ors  in  the  specific  heats  might  cause  an  appreciable 
cliange  in  the  numerical  values  of  the  two  sides  of  the  equation,  it  seems 
hardly  possible  that  so  great  a  difference  as  8*4  could  be  due  to  eiTors 
of  observation. 

It  follows  from  the  considerations  of  the  above  numbers  that  if  the 
modifications  II  and  Y  are  identical,  its  average  specific  heat  between  the 
temperatures  —18°  and  +83°  would  have  to  be  considerably  higher  than  at 
oitber  of  these  two  temperatures.  So  far  as  this  argument  goes  it  tells  against 
the  identity,  but  it  is  not  decisive. 


454  Mr.  U.  Behii.  [Jau.  29, 

According  to  the  kinetic  theory  of  Eicharz*  for  alio  tropic  elemental  the 
specific  heat  will  be  large  vrhen  the  density  is  small,  and  nee  m^tl 
Wigandt  has  i-ecently  applied  this  rule  to  eompomids,  but  Bicharz  himself 
has  not  supported  this  extension  of  his  rule,  and,  indeed,  one  must  vm 
extreme  caution  befoi'e  applying  such  relations  to  complicated  ciLses. 

The  specific  heats  of  salts,  and  amougst  them  of  ammonium  nitrate,  lave 
recently  formed  the  subject  of  a  research  by  Forch  and  Nordmeyer4  The 
method  ihey  adopted  is  similar  to  that  employed  for  the  determination  of  tlie 
heat  of  evaporation  of  liquid  aiT,§ 

Since  the  value  found  by  these  iovestigations,  0*254  for  amiuoninia 
nitrate,  does  not  agree  at  all  well  with  that  given  above,  0'303  ±  0*003, 
it  was  thought  ad\dsable  to  repeat  the  determinations  by  this  method* 

After  obtainbg  satisfactc^ry  values  of  the  specific  heat  of  brass,  aluminium, 
and  *'  Jena  59 ''  glass,  measurements  were  made  with  ammonium  nitrate. 
These  experiments  yielded  a  value  0^294,  whilst  a  sample  of  the  same  sftlt* 
meaBured  in  the  ordinary  calorimeter,  immediately  afterwards,  gave  0'30L 
These  results  are  in  satisfactory  agreement ;  although  it  seems  possible  llmt 
a  fifth  change  may  take  pkce  below  —18^,  which  would  account  for  the 
discrepancy.  This  change  would,  however,  probably  be  even  slower  than 
that  at  — 18^,  and  thus  l^e  very  difficult  to  detect 

Lehmatmll  could  detect  no  such  transformation,  and,  in  the  present  investi- 
gation, a  dilate  meter  slowly  cooled  to  —140*^,  whilst  clearly  indicating  th& 
first  four  chaiigee,  gave  no  indication  of  a  further  transformation. 

For  the  interest  of  the  experimant^il  method,  although  unsuccessful  in  tlie 
special  application,  mention  may  l^e  made  of  an  attempt  to  determine  heats 
of  transformation  at  — 18°.  In  the  case  of  water,  satisfactory  measurements 
were  obtained.  Ten  grammes  of  water  were  placed  in  a  zinc  cylinder 
weighing  8  grammes,  which  was  suspended  at  the  centre  of  a  metal  box. 
The  latter  was  maintained  at  —78°  during  the  cooling  period,  and  at  +37^ 
during  the  reheating.  Readings  of  the  temperature  of  the  water  were  taken 
with  an  iron-constantan  thermo-couple.  From  the  rate  of  cooling  or  heatings 
the  number  of  calories  which  enter  the  cylinder  every  minute  can  be 
deduced.     The  curves  plotted  for  this  experiment  enable  the  difierenoe  in 


*  *  Wied.  Annalen,'  1893,  vol.  48,   p.   708,  and  1899,  vol.  67,  p.  704 ;  *  Sitzungsberl 
Marburger  Gesell.,'  July,  1904,  pp.  64—66. 
t  *  Annalen  der  Physik,'  voL  22,  p.  64,  1907. 

I  *  Annalen  der  Physik,*  vol.  20,  p.  423,  1906. 

§  J.  Dewar,  *Roy.  Instit.  Proc.,'  vol.  14,  p  398,  1894  ;    U.  Behn,  *  Annalen  der  Phyak,* 
vol.  1,  p.  270,  1900;  J.  Dewar,  *  Chemical  News,'  vol.  92,  p  181,  1906. 

II  *  Annalen  der  Physik,'  voL  21,  p  181,  1906. 
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the  specific  heat  of  ice  and  water  to  be  clearly  seen.  The  values  of  the  latent 
heat  of  fusion  obtained  in  this  way  were  75  and  68,  which  are  reasonably  near 
74"4,  the  correct  value. 

Yet,  even  with  much  finer  thermojunction  wires,  a  similar  experiment  with 
ammonium  nitrate  proved  unsuccessful  so  far  as  the  transformation  V  is 
concerned,  obviously  on  account  of  the  slowness  of  the  change,  although  all 
the  other  changes  could  be  readily  located. 

Crystallographic  Measurements. 

Upon  the  basis  of  the  microscopic  examination  of  ammonium  nitrate 
itself,  Wallerant  has  suggested  that  the  tetragonal  forms  stable  above  83® 
and  below   —18°  are    identical,  as  is   indicated  by  the   following  passage 

from  his  paper : — "  Quand  on  suit  sous  le  microscope,  etc "     Further, 

by  adding  various  proportions  of  an  isomorphous  salt,  namely,  caesium  nitrate, 
to  the  ammonium  nitrate  used,  Wallerant  was  able  to  show  that  the  tetragonal 
modification  of  ammoniimi  nitrate  could  be  rendered  stable,  not  only  above 
SZ^  and  below  —18°,  but  also  throughout  the  whole  intermediate  range  of 
temperature;  the  admixture  with  caesium  nitrate  thus  gave  the  tetragonal 
modification  stability  at  temperatures  between  —18°  and  83°.  Although  the 
-experimental  result  is  striking,  it  is  not  conclusive,  because,  whilst  the  two 
tetragonal  forms  admittedly  resemble  each  other  closely,  it  necessarily  remains 
an  open  question  as  to  whether  a  transition  from  one  to  the  other  modifica- 
tion does  not  occur  without  obvious  physical  change. 

For  these  and  for  other  reasons  which  will  at  once  suggest  themselves, 
it  seemed  desirable  to  subject  the  tetragonal  modifications  stable  above  83° 
and  below  —18®  to  careful  crystallographic  examination,  in  order  to 
<letermine  whether  they  really  belong  to  the  same  class  of  the  system,  or 
whether  morphological  dififerences  are  traceable  between  them  of  such  a 
nature  as  to  indicate  a  structural  dissimilarity. 

In  the  first  place,  supersaturated  solutions  of  ammonium  nitrate  were 
caused  to  crystallise  by  slow  cooling  in  unsilvered  Dewar  vessels ;  it  was 
found  convenient  to  work  in  aqueous  solutions  at  about  100°  and  in  dilute 
alcoholic  solutions  at  about  —30°.  In  each  case  skeletal  crystals  were 
obtained,  which  exhibited  every  indication  of  tetragonal  symmetry,  but  no 
indications  of  hemi-  or  tetarto-hedral  symmetry. 

The  best  conditions  for  the  production  of  well-characterised  crystals  of 
the  modification  stable  below  —18°  are  difficult  to  determine,  and- ordinarily 
4eikeletal  crystals,  extending  only  in  two  directions,  are  obtainable  at  this 
i^emperature.     In  some  few  cases,  however,  skeletal  growths  extended  in  the 
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three  rectangular  direotlons  were  obtained,  and  in  the^  the  same  sorted 
diflerence  in  kind  between  the  nature  of  the  growth  in  a  third  direction  mi 
that  in  the  other  two  was  obBerved, 

Th(*se  experiments,  whilst  clearly  indicating  the  tetragonal  symmetry  d 
the  crystals,  give  no  indication  that  the  tetragonal  moditications  sUbk  a^ 
the  high  and  the  low  temperatures  are  morphologically  different. 

The  microscopic  examination  of  ammouiuni  nitrate  at  the  high  and  tJie 
low  temperature  in  absence  of  a  advent  led  to  conclusions  similar  to  Uie 
foregoing.  It  was  fonnd  possible  to  Eurange  a  sheet  of  thin  platinum  foil 
be^ited  electrically  and  insulated  from  the  microscope  stage  in  such  a  manner 
that  the  modification  stable  above  83°  could  be  preser^^ed  for  any  de&ired 
period  npon  a  glass  slide  laid  under  the  platinum  sheet;  the  preparation 
was  examined  through  a  hole  cut  in  the  metal  foil.  The  difficulties  iutrCK 
duced  by  the  possible  deposition  of  atmospheric  moisture  upon  due 
modi  Heat  ion  stable  below  —18*^  were  overcome  by  surroundiog  the  portion 
of  the  slide  under  examijiation  by  an  annular  ring  of  solid  carbon  dioxide 
cut  by  a  cork  borer  from  a  hammered  disc  of  the  substance,  tlie  objective 
being  elnwly  lowered  and  pressed  into  the  ring ;  by  working  in  this  manner, 
the  constant  evolution  of  carbon  dioxide  gas  prevents  the  access  d 
atmospheric  moisture  to  the  slide  and  the  ohjectiva  Both  arrangements  are 
very  simple,  and  seem  well  adapted  for  the  microscopic  eiaminatiou  of 
substances  at  high  and  low  temperatures. 

Wallerant  has  stated  that  on  passing  from  the  modification  stable  above 
83°  to  that  stable  below  —18°,  with  intermediate  formation  of  the  modifica- 
tions stable  between  these  temperatures,  the  orientation  of  the  two  tetragonal 
individuals  is,  in  general,  found  to  be  the  same.    This  could  not  be  confirmed, 
but  it  must  be  mentioned  that  even  if  the  orientation  of  the  two  tetragonal 
modifications  systematically  dififers,  no  argument  is  deducible  against  the 
identity  of  the  two  modifications,  for  even  the  same  modification  will  very 
often  reappear  with  another  orientation  after  a  transformation,  especially  if 
the  changes  occur  slowly. 

The  double  refraction  figure  of  modification  III  seemed  r^ularly 
to  appear  in  the  place  of  the  uniaxial  figure  of  II,  but  the  same  figure 
of  V  only  appeared  once  (or  twice)  at  the  same  place  in  five  experi- 
ments. 

Experiments  were  also  made  with  staining  solutions  to  try  to  discover 
a  dye  which  would  colour  one  modification  whilst  leaving  the  other 
unchanged.  A  number  of  dye  stuffs,  viz.,  crystal  violet,  Nile  blue  A,  Congo 
red,  water  blue,  ponceau,  were  tried,  but  all  of  them  decomposed  in  contact 
with  the  salt. 
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The  main  results  of  the  research  may  be  summarised  as  follows  : — 
(a)  From  the  dilatometric  and  crystallographic  work  no  definite  informa- 
tion is  forthcoming  which  affords  any  precise  proof  as  to  a  difference  in 
properties  of  the  two  tetragonal  modifications  of  ammonium  nitrate. 

(J)  The  argument  derived  from  the  investigation  of  the  thermal  properties 
tells,  so  far  as  it  goes,  against  the  identity  of  the  two  tetragonal  modifications, 
bat  it  cannot  be  considered  as  decisive. 

In  conclusion,  I  desire  to  express  my  thanks  to  Professor  Arthur  Schuster 
for  placing  at  my  disposal  the  resources  of  the  physical  laboratory  of  the 
Manchester  University. 


On  the  Osmotic  Pressure  of  Compressible  Solutions  of  any  Degree 
of  Concentration.  Part  II. — Cases  in  which  both  Solvent 
and  Solute  are  Volatile. 

By  Alfred  W.  Portbr,  B.Sc,  Fellow  of,  and  Assistant  Professor  in, 
University  of  London,  University  College. 

(Communicated  by  Professor  F.  T.  Trouton,  F.RS.     Received  January  30, — 

Read  February  20,  1908.) 

In  a  fowner  paper  (to  be  referred  to  here  as  Part  I)  which  appeared  in 
the  '  Proceedings  of  the  Royal  Society,'*  I  found  an  exact  relation  between 
vapour-pressures  and  osmotic  pressure  in  the  usual  case  in  which  the  solute 
may  be  taken  as  involatile.  The  case  now  to  be  considered  is  the  more 
^neral  one  in  which  both  solvent  and  solute  are  volatile.  The  concentration 
and  temperature  in  the  main  part  of  the  paper  are  taken  as  constant ;  and 
the  only  restriction  upon  them  is  that  the  solutions  and  solvent  must  be 
capable  of  existing  in  the  liquid  form.  The  notation  employed  is  the  same 
as  in  Part  I,  any  additional  symbols  being  specially  defined  when  they  occur. 

1.  I  shall  make  use  of  the  general  theorem,  proved  in  Part  I,  that  when  a 
solution  is  in  osmotic  equilibrium  with  the  pure  solvent,  the  vapour-pressure 
of  the  solution  is  equal  to  the  vapour-pressure  of  the  pure  solvent,  each 
measured  for  the  actual  hydrostatic  pressure  of  the  fluid  to  which  it  refers ; 
that  is,  with  the  former  notation : 

W>  =  TTop^.  (1) 

This  was  shown  to  be  true  whether  the  solute  is  volatile  or  not. 
♦  A,  vol.  79,  1907,  pp.  519,  et  seq. 
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2.  I  shall  utilise  the  formula  giving  the  dependence  of  the  vapour-preMtufc 
of  the  pure  solvent  upon  hydrostatic  pressure,  viz,  :— 


or,  inBerting  the  equality  (I), 


vJp  =      nip , 


(2> 


The  upper  limitd,  which  may  be  any  eorrespondixig  values,  shall  be 
taken  as 

Pq  ^  ^hki     and     wo^,^  ^  ttoo- 

3*  Let  now  an  isothermal  cycle  of  operations  be  performed  upon  a  litrge 
(pmcticallj  infinite)  mass  of  solution  at  a  pressure  p  in  osmotic  eqviilibrium 
with  the  solvent  under  a  pressure  po.  The  sum  of  the  external  works  done  in 
the  Yarioue  stages  of  the  cycle  will  be  equated  to  zero.     Let  the  solution 


Solvent 


-^ 


Fig.  1. 


contain  c  grammes  of  solute  to  each  gramme  of  solvent,  the  solute  being  defined 
as  the  constituent  to  which  the  membrane  is  impermeable.  (In  other  respects 
it  would,  of  course,  be  a  matter  of  indifference  as  to  which  was  considered  to 
be  solvent  and  which  solute.) 

Stage  (a). — Force  1  gramme  of  the  solvent  out  of  the  solution  osmotically, 
letting  the  vapour  of  c  grammes  of  the  solute  simultaneously  escape  into  the 
lateral  cylinder  through  a  membrane  semi-permeable  alone  to  the  vapour  of 
the  solute  which  is  at  a  pressure  (f)p.  The  work  done  upon  the  system  in  this 
two-fold  change  is 

where  Wp  is  the  specific  volume  of  the  solute-vapour  when  in  equilibrium 
with  the  solution  under  a  hydrostatic  pressure  p,  a  is  the  specific  volume  of 
the  solution,  and  the  other  quantities  have  their  previous  meanings. 
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Stage  (b). — Increase  the  pressure  of  the  vapour  thus  formed  to  ^_p/,  simul- 
taneouslj  increasing  the  hydrostatic  pressures  of  the  solution  and  the  solvent 
to  the  corresponding  equilibrium  values  p'  and  jt?o'  respectively.  The  work 
done  upon  the  system  in  this  stage  is 

where  V  and  Vo  are  the  original  volumes  of  the  solution  and  the  solvent. 

Stage  (c). — Bestore  the  gramme  of  the  solvent  osmotically  to  the  solution 
and  simultaneously  force  in  the  c  grammes  of  the  solute-vapour  from  the 
lateral  cylinder.    The  corresponding  work  is 

— (1-f  c)  Pp/oy  -fi?o'  (^1^,' — (1  +  0  cry)  -f  cj>p'y>pu 

Stooge  (d). — Compress  both  the  solution  and  the  solvent  to  their  original 
volumes  and  pressures.    The  work  done  is 


Each  of  these  stages  is  reversible  and  isothermal,  and  the  total  work  done 
must  thence  be  zero.  The  sum,  after  integration  by  parts  and  simplifi- 
cation, is 

fp  cpo  ri^p 

a-dp  =  I  udp-^c  I  wdp.  (3) 

p'  Jpo'  Hp' 

Now,  the  lower  limits  may  be  any  equilibrium  values,  and  we  shall  take 
them  to  be 

P'  =  ('r  +  ^)(w+^),  ^p'=^ir+^. 

These  values  of  p'  and  ^y  are  respectively  the  pressure  of  the  solution 
vrhen  in  contact  with  the  vapours  of  its  constituents  alone,  and  the  corre- 
8XK)nding  pressure  of  the  vapour  of  the  solute. 

4.  Add  together  formulae  (2)  and  (3) ; 

fp  f»oo  fPo  r»oo  r^ 

adp   -f  I  vdp  =  I  vdp'\'  I  vdp-\'C  I  wdp  ; 

or,  since  wy  =  7r(,+^), 

(1-f  c)  I  adp  =  c  I  v)dp-\'  I  udp-\'  I  vdp.  (*) 

This  is  the  formula  desired  ;  the  osmotic  pressure  is  P^  =  jo— j9o. 
The  connection  between  this  formula  and  the  more  restricted  one  previously 
given  is  not  immediately  obvious.    &j  considering  a  cycle  in  which,  as  in 

2  K  2 
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Part  r>  1  gramme  of  the  solvent  is  allowed  to  escape  through  the  osmotic 
membrane,  and  the  c  grammes  of  the  solute  are  allowed  to  remain  in  titp 
eolutloLi  (which  must  be  considered  to  have  a  practically  infinite  volume),  tbe 
remainder  of  the  cycle  being  conducted  as  above,  I  obtain  the  alteruatire 
expression 


(4') 


where  s  denotes  the  shrinhttje^  tJiat  is,  the  reduction  of  the  practically  infinite 
volume  of  the  solution  when  1  gramme  of  the  solvent  escapes;  *'^n  (5--)  * 

where  mi  and  w?a  denote  the  maaaes  of  the  solvent  and  solute. 
Comparing  the^o  two  results,  we  see  that 


L  sdp     =  (1  +c)     trdp   —  C     uHip, 


This  is  an  interesting  connection  between  the  shrinkage  and  the  specific 
volume  of  the  solution.  DlfleiT^ntiatiug  with  reapect  to  p^  we  obtain  tbu 
equation 

^^ew^  2^.  (5) 


^p=i^+^)<^p- 


d. 


The  meaning  of  this  equation  will  be  examined  in  Section  6,  ' 

5.  The  above  results  have  been    obtained   by  making  2  I  pdv  round  a 

reversible   isothermal   cycle  equal  to  zero.     But  round  such  a  cycle  it  is 

•equally  true  that  %  I  vdp  is  zero.     The  separate  terms  in  this  summation  can 

\)e  written  down  at  once  for  the  same  cycle  that  has  been  considered.     The 
result  is  the  general  equation  (4)  without  any  further  rediictian, 

6.  The  mode  of  variation  of  vapour-pressure  with  the  hydrostatic  pressure 
to  which  the  liquid  is  subjected  can  be  determined  by  a  slight  modification  of 
the  method  in  Part  I.  The  sole  change  required  is  that  the  liquid  in  the 
<5ylinder  be  enclosed  by  two  pistons,  the  inner  one  of  which  is  permeable  to 
the  vapour  of  the  solvent,  but  impermeable  to  the  vapour  of  the  solute  ;  the 
isecond  piston  must  be  impermeable  to  both.  If  the  inner  piston  is  main- 
tained permanently  in  contact  with  the  surface  of  the  solution,  none  of  the 
solute  evaporates.  The  changes  that  proceed  in  the  cycle  considered  are, 
therefore,  precisely  the  same  as  for  the  case  of  an  involatile  solute,  and  the 
equation  for  the  change  of  the  vapour-pressure  of  the  solvent  with  hydrostatic 
pressure  comes  out  the  same  as  before.  Since  each  constituent  may  in  turn  be 
considered  as  the  sole  volatile  one,  a  similar  equation  applies  to  each. 


1908.]        Compressible  Solutions  of  any  Concentration.  461 

Hence  we  obtain 

as  before,  and  similar  equations  for  the  vapour-pressure  of  each  of  the  other 
constituents  present. 

In  each  case  Sp  =  dV/dm,  where  V  is  the  total  volume  of  the  solution  and 
m  is  the  mass  of  the  particular  constituent  to  which  Sp  refers. 

Examining  equation  (5)  in  the  light  of   these  results,  we  see  that  since 

^=  (5—)   ,  where  mi  =  mass  of  solvent  present  in  the  volume  V;    and 

tt>^  -^  =  ( 5 — )   ,  where  ma  is  the  mass  of  the  solute,  the  equation  becomes 
^^  op       \onv2/mi 

©    ^KS    =(!+«)-.  =  V.  (6> 

\cmi/w,       xtym^iuii 

and  this  is  mathematically  equivalent  to  the  statement  that  oTp  is  a  function 
of  <?,  that  is  of  mg/nii :  a  statement  which  of  course  is  true. 

7.  The  equation  (4)  is  easily  extended  to  the  case  where  there  are  any 
number  of  volatile  solutes  present.     It  becomes 

[p  f^)  [Po  r»oo 

(1  + 2(c))     adp  =  Sc    wdp-^-     udp^-  I  vdp , 

where  the  terms  referring  to  the  solvent  are  kept  separate  from  the  rest, 
because,  owing  to  the  special  character  of  the  osmotic  membrane,  the  solvent 
is  on  a  different  footing  from  the  other  constituents. 

When  the  solution  is  under  the  hydrostatic  pressure  of  the  vapours  of  its 
constituents  alone,  this  equation  reduces  to  the  exceedingly  simple  one, 

wrfp+l  vdp  =  0. 

This  can  be  represented  (as  in  Part  I)  on  the  indicator  diagram  of  the  puie 
solvent. 

8.  To  find  the  variation  of  osmotic  pressure  with  hydrostatic  pressure, 
differentiate  (4)  with  regard  to  p  : 

By  (5)  this  is  equivalent  to 


8p: 


Hence  the  variation  of  the  osmotic  pressure  with  the  hydrostatic  pressure 
of  the  solution  is  given  by  the  same  equation  as  for  the  case  where  the  solute 
is  involatile. 


On  the  Osmotic  Pressure  of    [Jan*  30, 


9.  The  theorem  that  the  vapour-pressure  of  the  pure  aalvent  increases  with 
the  hydrostatic  pressure  can  be  obtained  in  a  very  simple  way  as  follows  : — 

Let  a  vertical  tube  containing  the  solvent  be  enclosed  in  a  cloaed  chamber 
in  a  fjTamtatunud  fidd^  and  let  equilibrium  be  get  up.  Let  now  membranes 
penneabie  to  the  vapour  alone  be  inai^rted  in  the  @tde  of  the  tube  at  a  distanee 
apart  dh.  Let  |Jo  be  the  hydrostatic  pressure  iu  the  liquid  at  any  point,  and 
w^  that  in  the  vapour.  Then  u^  being  the  specific  volume  of  the  liquid, 
and  v^     that  of  the  vapour  at  the  corresponding  pressures,  we  have 


whence 


,  dh 


,  dh 


4-  9Mm>p4fifi*atM& 


Solvvnt' 


Fio.  2. 


Fio.  3. 


The  semi-permeable  membranes  may  be  in  direct  contact  with  the  liquid, 
or  they  may  be  separated  from  it  by  a  space  containing  the  vapour  and  an 
indififerent  gas  (see  fig.  3). 

This  method  is  not  applicable  to  the  case  of  the  vapour  of  a  solution, 
because  the  concentration  of  the  solution  changes  with  the  height.  In  this 
ease, 

diTp  _       g  djTp  _.  /diTpX  dc     /dTTjA  dp 

dh  v'  dh       [cc/p'dh    \dp /cM* 


dp  _  ^ 
dh" 


Opp^ 


whence 


Making  use  of  the  values  obtained  previously  in  this  paper,  some  interest- 
ing results  can,  however,  be  obtained.     We  have 


=  ^ 


1 
Pp  =  —^ 
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and  writing  (9V/rf7/ia)^j  =  Sp', 

\dc/pdh  v^^\       (Tpl 

By  means  of  equation  (4)  this  may  be  written 
37r«\  dc 


(oTTjX  dc^  _  __^    Sp^— Sp 
\dc /pdh"      v^pSp+c8p'' 


In  the  same  way,  if  the  semi-permeable  membranes  are  permeable  only  to 
the  vapour  of  the  solute,  we  have 

/a^\      dc  ^        g   L     V\  _       g    Sp^sp' 
\dc/p    dh  w^\       apj  w^^  Sp  +  cSp 

It  will  be  seen  from  these  equations  that  if  Sp^  =  Sp,  then  either 


ah 


(^l=»' 


Now  comparison  with  equation  (6)  shows  that  when  Sp'  =  Sp  each  is  equal 
to  ay  This  can  only  occur  when  the  densities  of  the  two  constituents  are 
nearly  alike. 

In  all  such  thermodynamic  equations  (-^j  and  —  appear  together.  It 
would  seem  to  be  impossible  to  separate  them. 

Stcmmary  of  Results. 

1.  An  exact  equation  is  obtained  for  the  connection  between  osmotic 
pressure  and  the  vapour-pressures  of  a  solution  and  a  solvent  for  compressible 
solutions  of  any  degree  of  concentration. 

2.  The  mode  of  variation  of  the  vapour-pressure  of  each  solute  with  hydro- 
static pressure  is  found.  This  is  given  for  each  by  the  same  formula  as  if  the 
other  solutes  were  absent. 

3.  The  result  is  extended  to  the  case  of  any  number  of  volatile  constituents 
"When  the  hydrostatic  pressure  of  the  solntion  is  that  due  alone  to  the  vapours 
of  its  constituents  the  equation  reduces  to  as  simple  a  form  as  when  the  con- 
stituents are  involatile. 

4.  The  osmotic  pressure  is  found  to  change  with  hydrostatic  pressure 
according  to  the  same  formula  as  when  the  solute  is  involatile. 

5.  A  very  simple  proof  is  given  of  the  variation  of  the  vapour-pressure  of  a 
pure  liquid  with  hydrostatic  pressure.  This  proof  cannot  be  extended  to  the 
case  of  a  solution  owing  to  a  space- variation  of  concentration  being  set  up 
under  the  conditions  of  the  proof. 


464       Mr,  A.  W.  Porter.     On  the  Osmotic  Pressure  of    [Jan,  30, 

Addendnm, — Becemd  Ftbrnftry  20,  1908. 

In  a  pluvious  paper*  I  have  given  an  exact  formula  far  the  increase  of 
vapoiir-pressure  of  a  liquid  with  the  hydrostatic  pressure  to  which  the 
liquid  is  subjected.  This  variatiou  actually  ocdutb  in  several  familiar  | 
phenomena  which  can,  therefore,  all  be  linked  together  under  one  bead, 

L  The  first  of  these  phenomena  which  I  shall  consider  is  that  of  the  * 
difierence  of  vapour-preesure  for  a  curved  and  that  for  a  plane  surface. 
Let  IT  he  the  vapour-pressure  at  a  plane  surface  of  a  simple  liquid  in  contact 
with  its  own  vapour  alone,  so  that  its  hydrostatic  pressure  is  also  w  \  let  it* 
be  the  vapour-pressure  of  the  same  liquid  when  in  the  form  of  a  drop  of 
radius  E,  and  let  T  be  the  surface-tension.  Then  the  hydrostatic  preasure  of 
the  liquid  in  the  latter  caae  is  w  +  2T/IL 

Now  in  the  paper  referred  to  I  have  shown  that 

where  tip  is  the  specific  volume  of  the  Hquid, 

Wp     f,     vapour-pressure, 
and     iv      „     specific  volume  of  the  vapour  at  the  preKsure  irp. 
Hence,  treating  the  change  as  small,  we  have,  approximately, 

or  X   ^TT    ^     ^zr- 


This  is  Kelvin's  formula,  expressed,  however,  in  terms  of  specific  volumes 
instead  of  in  terms  of  densities  as  usual. 

It  is  clear  that  if  the  hydrostatic  pressure  at  the  flat  surface  were  increased 
to  an  equal  amount  by  superposing  an  atmosphere  of  an  independent  gas, 
the  vapour-pressure  at  the  curved  surface  would  not  be  different  from  that 
at  the  plane  surface. 

2.  The  next  phenomenon  is  that  of  the  change  of  vapour-pressure  due  to 
imparting  an  electric  charge  of  surface  density  or.  The  usual  formula  is 
obtainable  by  substituting  —  27ra^  for  2T/E.  It  follows,  therefore,  that  the 
change  of  vapour-pressure  in  this  case  is  also  directly  due  to  the  change  in 
hydrostatic  pressure  :  it  is  unnecessary  to  invoke  any  recondite  e£fect  of  the 
electrification  upon  the  surface. 

3.  The  difference  in  the  vapour-pressure  of  a  solution  from  that  of  the 
pure  solvent,  when  both  are  at  the  same  hydrostatic  pressure,  can  also  be 
attributed  to  the  fact  that  the  partial  pressure  of  the  solvent  in  the  solution 
is  then  less  than  the  total  pressure.  In  making  this  statement,  I  regard  the 
hydrostatic  pressure  p  of  the  solution  as  made  up  of :  (a)  a  partial  pressure, 

*  '  Roy.  Soc.  Proc.,'  A,  vol.  79,  1907,  p.  626. 
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equal  to  the  osmotic  pressure  P  due  to  the  salt ;  (&)  a  partial  pressure  j^o 
due  to  the  solvent,  so  that  p^po  =  P.  I  must  recall  the  fact  that  I  have 
proved*  that  when  a  solution  is  in  equilibrium  with  the  pure  solvent,  the 
vapour-pressures  of  both  are  the  same.  That  is  to  say,  the  vapour-pressure 
of  a  solution  at  a  hydrostatic  pressure  p  is  the  same  as  the  vapour-pressure 
of  the  solvent  under  a  hydrostatic  pressure  pa  where  these  pressures  differ  by 
the  amount  P.  So  that,  provided  the  partial  pressure  of  the  solvent  is  the 
same,  the  vapour-pressure  is  the  same  whether  it  is  in  a  solution  or  not. 

CoTidtision. 

I  have  thus  considered  several  cases  in  which  the  vapour-pressure  is 
changed,  and  found  that  in  each  case  it  is  only  necessary  to  know  the 
partial  pressure  of  the  pure  solvent  whose  vapour  we  refer  to  in  order  to 
calculate  what  the  change  in  the  vapour-pressure  amounts  to.  The  same 
method  might  presumably  be  applied  to  other  cases  also,  such  as  magnetisa- 
tion, etc.  In  this  addendum  the  approximate  formulae  only  have  been  given, 
in  order  that  comparison  may  be  made  at  once  with  familiar  formulae.  The 
exact  forms  can  easily  be  written  down  when  required. 

♦  Loc,  cit,  p.  626. 
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By  H.  L.  Callendae,  F.RS.,  Professor  of  Phj^ics  at  the  Imperial  College  nf 

Science  and  Tochnology* 

(Received  March  10,— Read  March  19,  1908.) 

1.  The  relations  betweeu  vapour -pressure,  osmotic  pressure,  and  concentra- 
tion of  solutious  are  of  great  interest,  aad  have  been  the  subject  of  recmi 
communications  i)y  Ivord  lierkeley  and  Hartley,  by  Spens,  and  by  Poto. 
I  propose  in  the  present  paper  to  develop  a  theory  of  solutions,  based  m  a 
simpk  relation  between  ttie  vapour-pressure  and  the  concentration,  which 
appears  to  give  a  very  fair  account  of  the  phenomena  observed  in  the  case  d 
strong  solutions,  and  is  at  the  same  time  a  natural  extension  of  the  present 
theory  as  applied  to  dilute  solutions.  Before  discussing  the  theory  itself ,  I 
propose  to  give  fresh  proofs  of  some  of  the  more  important  relations  ahmlj 
accepted,  for  the  sake  of  indicating  clearly  the  order  of  apprnximatioa 
attempted,  and  of  Qlustrating  methods  of  proof  which  I  have  employed  ii 
teaching  for  many  years,  but  which  do  not  appear  to  be  generally  known* 

Bdaiion  hetwee^i  Vapour-pressure  a7id  ffydrnstaiU  PrtsMure, 

2.  By  considering  the  isothermal  equOibritim  of  a  liquid  and  it«  vapour  in 
a  capillary  tube  of  radiiis  r,  Lord  Kelvin*  deduced  the  well-known  relation 
between  the  vapour-pressure  p  at  the  curved  surface  and  the  normal  vapour- 
pressure  Pq  at  a  plane  surface,  in  terms  of  the  surface  tension  T,  and  the 
densities  of  the  liquid  and  vapour  p  and  cr, 

p-po=2Tcr/r(^-(r).  (I) 

where  r  is  positive  if  the  surface  is  convex.  The  efifect  was  regarded  by  Lord 
Kelvin  as  being  due  to  curvature,  but  Poyntingt  showed  that  it  might  be 
regarded  simply  as  an  effect  of  hydrostatic  pressure,  and  explained  the 
equilibrium  of  ice  and  water  under  pressure  on  this  basis.  Since  the  pressure 
P  inside  a  spherical  drop  of  radius  r  exceeds  the  vapour-pressure  p  outside  it 
by  2Tlr,  substituting  (P—p)  for  2T/r  we  obtain, 

p-po  =  (P-p)  a/(p-a)  =  (P-Po)ct/^,  (2) 

which  is  equivalent  to  the  expression  given  by  Poynting.     Since  the  relation 


Phil.  Mag.,'  [4],  vol.  42,  p.  448,  1871. 
t  *Phil.  Mag.;  [12],  p.  40,  1881. 
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applies  only  to  small  dififerences  of  pressure  in  this  form,  it  is  more  convenient 
to  write  it  in  the  differential  notation 

vdp  =  VdP,  (3) 

which  is  perfectly  general  and  accurate  if  Fand  v  are  the  specific  volumes  of 
the  liquid  and  vapour  at  the  pressures  P  and  p  respectively.  By  integrating 
equation  (3)  between  corresponding  limits  of  P  and  p,  the  variation  of  vapour- 
pressure  with  pressure  may  be  obtained  with  considerable  accuracy  over  wide 
ranges  of  pressure  and  temperature.  The  principal  source  of  uncertainty  is 
the  compressibility  of  the  liquid.  If  we  put  F=  F"o(l— «P),  assuming  the 
compressibility  a  to  be  constant,  and  if  we  take  v  =  E'0/p'-C'{'b*  (where 
c— J  represents  the  defect  of  volume  of  the  vapour  from  the  ideal  volume  Ii0/p, 
-and  is  to  a  first  approximation  a  function  of  the  temperature  only),  we  obtain 

»'^log,  (p/po)  =  (c-b)(p-po)  + Vo  (P-Po)- JaVo  (P^-Po*),         W 

where  P,  p,  and  Pq,  po,  are  corresponding  limits  of  P  and  p.  According  to 
this  equation  it  would  require  a  pressure  of  about  2000  atmospheres  only  to 
increase  the  vapour-pressure  of  water  fourfold  at  27°  C.  The  approximate 
equation  (2),  which  is  often  applied  to  such  calculations,  would  give  upwards 
of  4600  atmospheres.  The  term  (c— 6)  (p—po)  is  negligible  at  this  tempera- 
ture, as  ^  is  so  small,  but  it  amounts  to  about  17  per  cent,  at  200°  C,  if 
P/j)q  =  4.  It  has  the  effect  of  considerably  reducing  the  pressure  required 
when  p  is  large. 

Vapour-siere  Method. 

3.  It  is  easier  to  form  a  mental  picture  of  the  variation  of  vapour-pressure 
with  hydrostatic  pressure,  if  we  imagine  the  liquid  contained  in  a  long  vertical 
tube  perforated  with  very  fine  holes.  If  the  holes  are  fine  enough  and  are 
not  wetted  by  the  liquid,  the  liquid  cannot  escape,  but  the  vapour  has  free 
passage.  If  such  a  tube  is  surrounded  by  vapour  in  an  isothermal  enclosure, 
the  liquid  must  be  in  equilibrium  with  its  vapour  at  all  points,  which  leads 
immediately  to  equation  (3).  If  the  holes  are  wetted  by  the  liquid  the  same 
.arrangement  will  apply  for  negative  values  of  P.  Poyntingt  deduces  that  the 
pressure  of  the  vapour  molecules  in  the  interior  of  the  liquid  at  any  point  of 
Buch  a  tube  must  be  everywhere  proportioned  to  the  pressure  of  the  vapour 
immediately  outside  the  tube.  There  is  reason  for  believing  that  the  vapour- 
pressure  in  the  liquid  is  not  merely  proportional  to  that  outside,  but  is  equal 
to  it,  in  other  words  that  it  is  everywhere  the  same  as  if  the  liquid  were 

♦  Gallendar,  « Roy.  Soc.  Proc.,'  vol.  67,  p.  270,   1900.     R'  is  the  gas-conatant,  R  = 
1*98  calories,  divided  by  the  molecular  weight  m  of  the  vapour, 
t  Loe.  cU. 
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abBent,     I  have  shown*  that  such  an  a^umptiori  appears  to  account  satis- 
factorily  for  the  variation  of  the  fipeciiiQ  heat  in  the  case  of  water. 

The  same  reasoning  precisely  applies  if  the  vapour- sieve  tube  contains  bdj 
solution  in  place  of  a  pure  liquid.  Equilibrium  will  be  rapidly  establiBhed  bj 
condensation  or  evaporation  of  the  vapour  until  condition  (3)  is  satiafiedp  A 
column  of  pure  solvent  in  equilibrium  with  the  same  vapour  column  must  be 
in  equilibrium  with  the  solution  at  corresponding  heights.  If  the  holes  in  t\^ 
vapour-sieve  are  tine  enough  to  permit  jmssage  only  to  the  vapour  moleculas, 
we  may  inmgiue  the  aolution  column  surrounded  by  the  solvent  column  without 
disturlting  the  equilibrium.  The  differeuce  of  hydroatatic  pressure  between 
the  eolum&8  of  solution  and  aolvent  at  any  height  is  the  cksmotic  pr^ffiore 
corresponding  to  the  concentration  and  hydrostatic  pressure  of  the  solution  it 
the  point  eourtiderecL  In  other  words,  we  may  regard  a  semi-permeable 
membrane,  such  as  is  usually  postulated  in  contddering  osmotic  pressure^  tt 
being  m  reality  a  vapour-sieve,  penneable  only  to  the  vapour.  Such  aa 
aKsumptiou  does  not  appear  to  be  incouHistent  with  any  of  the  well-establiElipl 
facts  regarding  osmotic  pressure,  and  gives  a  somewhat  simpler  physical  cyo- 
caption  of  Uie  phenomena  of  osmosis. 

AfflicaHon  of  the  Vapour-de&e  Piston.     ^^^^^^^^H 

4.  Without  assuming  that  a  vapour-sieve   might  be    made   to  act  as  a 
semi-permeable    membrane  in  osmotic    experiments   between   solution  and 
solvent,  it  is  easy  to  show  by  the  application  of  a  vapour-sieve  piston  that 
the   vapour-pressures   of  solution   and  solvent  are   the   same   (under  any 
hydrostatic  pressures)  when  they  are  in  osmotic  equilibrium  through  a  semi- 
permeable  membrane.      Suppose  that    the   solution    and    solvent    are  in 
equilibrium,  as  indicated   in   fig.  1,  on   either    side  of    a    semi-permeable 
membrane  B  under  pressures  P''  and  K  applied  by  means  of  vapour-sieve 
pistons  A  and  C.     The  pressure-difiference  P"— P'  is  the  osmotic  pressure  P*. 
If  the  arrangement  is  contained  in  an  isothermal  enclosure,  through  which 
the  vapour  has  free  circulation,   the    vapour-pressure  p"  of  the  solution 
under  pressure  P"  must  be  equal  to  the  vapour-pressure  p'  of  the  solvent 
under  pressure   P'.      Otherwise  a   continuous   supply  of  work    might  be 
obtained   by  utilising  the   pressure-difference  of   the   vapour.      By  similar 
reasoning  we  may  assert  generally  that  any  two  solutions  in  equilibrium 
through  any  kind  of   membrane  or  capillary  surface  must  have  the  same 
vapour-pressures  in  respect  of  each  of  their  constituents  which  are  capable 
of  diffusing  through  the  surface  of  separation.     This  has  for  a  long  time  been 

♦  *PhU.  Trans.,'  A,  1902,  p.  147. 
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generally  admitted,  but  the  vapour-sieve  piston  supplies  what  is  perhaps  the 
simplest  proof  based  on  known  physical  properties.  • 

We  have  seen  that  equation  (S)  must  apply  accurately  to  the  equilibrium 
between  a  vertical  column  of  solution  and  vapour  under  the  action  of 
gravity,  but  there  is  one  respect  in  which  the  equilibrium  of  such  a  solution 
differs  from  that  of  the  pure  solvent.  The  concentration  of  the  solution  is 
independently  variable,  and  must  vary  in  such  a  manner  as  to  make 
equation  (3)  hold.  The  variation  of  vapour-pressure  with  height  in  such  a 
column  of  solution  is  not  necessarily  that  due  to  variation  of  pressure  alone. 
This  has  been  recognised  by  Spens  and  Porter,  who  have  deduced  the 
variation  with  pressure  independently  of  concentration,  by  the  method  of 
an  isothermal  cycle.  The  cycles  which  they  employ  appear,  however,  to  be 
unnecessarily  complicated.  Porter  applies  pressure  by  means  of  an  inert  gas, 
which  is  assumed  not  to  dissolve  in  the  liquid  or  alter  its  vapour-pressure, 
and  which  adds  unnecessary  terms  to  the  equation,  besides  requiring  the 

A  6  C 
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Fio.  1. — Equality  of  Vapour-pressure  in 
Osmotic  Equilibrium. 


Fig.  2. — Change  of  Vapour-pressure  of  a 
Solution  with  Hydrostatic  Pressure. 


application  of  an  additional  piston  permeable  to  the  vapour  but  not  to  the 
gas.  The  result  may  be  more  simply  and  directly  deduced  by  the  aid  of  a 
vapour-sieve  alone. 

Imagine  unit  mass  of  solution  of  volume  V,  confined  in  a  cylinder  ABC 
between  a  fixed  vapour-sieve  B,  and  a  solid  piston  A,  by  which  pressure  P 
is  applied.  The  vapour,  at  pressure  p,  corresponding  to  P,  is  confined  by  a 
solid  piston  C,  which  we  will  suppose  at  first  to  be  in  contact  with  B,  so 
that  the  volume  of  the  vapour  is  initially  zero.     The  cycle  is  as  follows : — 

(1)  Keeping  the  pressures  constant,  evaporate  a  small  mass  dm  of  solvent. 
The  work  done  by  the  piston  C  is  2)v  dm.  The  work  done  on  the  piston  A 
is  PIT  dm,  where  ?7is  the  rate  of  diminution  of  volume  of  the  solution  at  a 
pressure  P  per  unit  mass  of  solvent  abstracted.  The  volume  of  solution 
remaining  is  now  V—  Udm.  The  state  of  the  system  at  this  stage  is  that 
represented  in  fig.  2. 

(2)  Increase  the  pressure  on  the  solution  to  P\  by  means  of  the  piston  A, 
at  the  same  time  moving  the  piston  C,  so  as  to  keep  the  vapour  in  equilibrium 
with   the  solution  without  condensation.      Suppose   the    pressure    of    the 
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vapour  is  increased  to  p'.     The  work  done  on  the  system  is  given  by  the 
expression, 

-  f ^ Pd  (V - U  dm) -  Tp  dv  dm. 

(3)  Keeping  the  presfiures  constant  at  P'  and  p\  condense  the  mass  dm  of 
vapour  by  moving  piston  C  into  contact  with  B,  at  the  same  time  moviiig 
piHtoD  A  outwards  through  a  space  U'dm,  where  JT  is  the  value  of  U 
oorreeponriing  to  pressure  P\    The  work  done  on  the  syatem  is 

-FU'dm  +  pV'dm. 

(4)  Helease  the  pressure  on  the  solution  to  its  original  value  P,  r^toriag 

PdV< 

Collecting  the  terms,  and  observing  that  p'v'— pv  =  pdv+l  vdp,  we 
obtain  tin  ally  ^  ^ 

Tu  dP  =  ["  V  dp,     or     U  dP  ^  v  dp,  (5) 

Jp  Jp 

which  expresses  the  variation  of  vapour-preaeure  of  a  solution  with  pres&tupe 
alone,  assuming  the  temp  era  turn  and  concentration  constant. 


Variation  of  Conc^TUraiidm  in  a  Vertiml  Colutmu 

5.  It  appears  from  this  result  that  the  concentration  of  a  vertical  column 
of  solution  will  not  remain  uniform  when  in  equilibrium  with  the  vapour  at 
all  heights,  unless  17=  V  for  the  solution.  If  the  whole  length  of  the  column 
is  in  contact  with  the  vapour  through  a  vapour-sieve  envelope,  the  attain- 
ment of  equilibrium  with  the  vapour  by  condensation  and  evaporation  would 
be  comparatively  rapid  if  the  temperature  is  maintained  uniform.  If  the 
solution  were  contained  in  an  impervious  tube,  the  same  final  result  would 
be  produced  by  diffusion  of  the  vapour  through  the  solution,  but  the  attain- 
ment of  equilibrium  would  be  very  slow. 

Since  the  whole  change  of  vapour-pressure  in  such  a  column  in  the 
equilibrium  state  is  given  hj  vdp  =  VdP,  and  the  partial  change  dp'  due  to 
pressure  is  given  by  v  dp'  =  UdP,  the  change  dp''  due  to  change  of  concen- 
tration is  given  by  v  dp"  =  (  F—  U)  dP,  If  F^—  U  is  negative,  which  is 
generally  the  case,  the  increase  of  vapour-pressure  downwards  in  such  a 
column  will  be  less  than  that  due  to  pressure  alone,  and  the  concentration 
will  increase  with  depth.  The  values  of  F"— Z7for  any  solution  are  readily 
deduced  from  a  table  of  densities  or  specific  volumes  F^for  any  concentration  C 
in  grammes  of  solute  per  gramme  of  solution,  by  the  relation 

V-U  =  C(dV/dC),  (6) 
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which  shows  that  F—  V  is  negative  when  the  density  increases  with  concen- 
tration. 

VaricUion  of  Osmotic  Pressure  with  Hydrostatic  Pressure, 
6.  Since  the  osmotic  pressure  is  the  difiference  of  the  hydrostatic 
pressures  P"  and  P'  of  the  solution  and  solvent  when  their  vapour-pressures 
are  equal,  the  variation  of  osmotic  pressure  with  hydrostatic  pressure  is 
readily  deduced  from  equation  (5).  If  W  is  the  specific  volume  of  the  pure 
solvent,  we  must  have  for  equilibrium,  WdP  =  UdP\  since  each  is  equal 
to  V  dp\  The  corresponding  change  of  osmotic  pressure  rfP©  is  equal  to  the 
difference  dP^—dP,  whence, 

dPo/dF  =  (W-U)/U,    or    dPo/dP"  =  (W-U)/W.  (7) 

It  U=  W  there  is  no  change  in  the  osmotic  pressure  with  hydrostatic 
pressure.  This  is  equivalent  to  the  assumption  made  by  Lord  Berkeley  and 
Mr.  Hartley*  that  the  osmotic  pressure  varies  with  concentration  only, 
which  appears  from  their  experiments  to  be  approximately  true  for  some 
solutions. 

The  relation  between  the  equilibrium  pressures  P  and  P'  for  solution 
and  solvent  corresponding  to  the  same  value  po  of  the  vapour-pressure  is 
immediately  obtained  by  integrating  formula  (5)  between  corresponding 
limits  for  solution  and  solvent.     We  have  evidently, 

(''"U  dP"  =  i\  dp,     and     rw  dP'  =  (\  dp, 

J  p"  J  p''  J  p'  J  p' 

whence  rUdP-'-TwdP' =  f'vdp,  (8) 

J  p"  J  p'  J  p" 

where  p'^p"  are  the  vapour-pressures  of  solution  and  solvent,  each  under  the 
pressure  of  its  vapour  only.  This  agrees  precisely  with  the  result  obtained 
by  Porter,  but  it  seems  better  to  deduce  it  from  (5)  in  place  of  employing  a 
special  cycle. 

The  osmotic  pressure  may  readily  be  deduced  from  the  vapour-pressures 
p'  and  p'^  for  any  value  of  P'  or  P"  if  the  value  of  U  is  known.  The  most 
uncertain  element  in  the  calculation  is  the  variation  of  U  with  pressure. 
If  Po'  is  the  value  of  the  osmotic  pressure  P'-^P  when  the  solvent  is 
under  its  own  vapour-pressure  p'  only,  or  when  P*=zp^:=ipQ^  the  term 
containing  JT  vanishes,  and  the  limit  of  int^ation  P"is  Po'-h/>'.  Similarly, 
if  Pt'  is  the  osmotic  pressure  when  the  solution  is  under  its  own  vapour- 
pressure  ^  only,  or  when  P"  =  p''  and  P  ^p''—Pt!\  the  term  containing 

♦  *Roy.  Soc  Proc.,'  A,  vol.  77,  p.  166,  1906. 
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V  vanmhes*     The  limitft  of  the  integral  v  dp  are  the  same  in  both  ca»e4s,  anil 
ire  obtain,  assuming  r  =  Wd/p—c-^-b, 

(»} 
where  l7o,  Wq^  are  the  mean  values  of  U  and  IF  taken  with  respect  to 
pressure  between  the  corresponding  limits  of  integration. 

The   term   containing  (c—b)  is  petained,  though  unimportant  at  ordinan^ 
temperatures,  because  (ff—i)  is  about  75   times  as  large  as  W  for  water  i-t 
0°  C.  ♦  and  Vjecause  it  becomes  important  in  comparison  with  M0^hmp   ■ 
is  Urgt\ 

For  most  experimental  purposes^  the  small  tenua  involving  the  facU>r 
d^'^jj")  umy  be  neglected*     We  then  have,  approximately, 

Po'Uo  =  K'^  log  (pVp")  =  F/'Wo,  (10) 

The  values  of  Pa"  are  the  same  for  solutions  having  the  same  vapoiir* 
pressure  /?'' :  or  the  values  of  the  vapour^presaure  will  be  very  nearly  the  same 
for  isotonic  solutions  tested  under  atmospheric  pressure.  But  Po"  cannot 
l^  directly  measured  by  balancing  against  the  pure  solvent,  as  Hit 
corresponding  value  of  the  pressure  on  the  solvent  is  large  and  negative,  bea^ 
approximately  equal  to  —  Po".  Ttie  osmotic  pressure  measured  l>y  direet  1 
experiment,  with  the  solvent  under  atmospheric  pressure,  is  approximately 
equal  to  Pq,  and  is  correctly  related  to  the  vapour-pressure  p"  of  the 
same  solution  by  equation  (10),  as  was  proved  approximately  by  Spens,  but 
more  accurately  by  Porter. 

For  an  actual  vertical  column  of  solution  in  equilibrium,  equation  (3) 
applies  accurately,  with  V  the  specific  volume  of  the  solution  in  place  of  U. 
This  gives  the  approximate  equation  usually  quoted,  namely, 

PoVo  =  ir^iog(p7p"),  (11) 

where  Vo  is  the  mean  specific  volume  of  the  solution  column,  P©  is  the 
osmotic  pressure  at  the  bottom  of  the  column,  and  p"  is  the  vapour-pressure 
at  the  top,  where  the  concentration  is  generally  dififerent  Lord  Berkeley 
and  Mr.  Hartley,  in  comparing  their  observations  of  vapour-pressure  and 
osmotic  pressure  for  the  same  solutions,  found  that  the  values  of  the  osmotic 
pressure  calculated  from  the  vapour-pressure  by  equation  (11)  wei-e  much 
larger  than  those  directly  measured  for  the  same  solutions,  and  rightly 
attributed  the  discrepancy  to  variation  of  concentration  in  the  imaginary 

*  Porter  and  Spens  retain  the  term  U(p'-p"),  but  neglect  the  much    larger  term 
(c-b)(p'-p"). 
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vertical  column  by  which  equation  (11)  is  deduced.  They  therefore  deduced 
ihe  expression, 

Po"Wo  =  E'^log(p7p''),  (12) 

^hich  correctly  represents  the  relation  between  the  osmotic  pressure  Pq" 
md  the  vapour-pressure  p^'  of  the  solution  at  the  top  of  such  a  column.  In 
ipplying  this  equation  to  the  conditions  of  their  experiments,  they  made  the 
Lssumption  that  the  osmotic  pressure  could  vary  only  with  concentration, 
md  that  the  value  of  Po"  calculated  from  p"  by  equation  (12)  for  the 
»smotic  pressure  at  the  top  of  the  column  (where  the  solvent  is  under 
legative  pressure)  would  be  the  same  as  the  osmotic  pressure  directly 
neasured  for  a  solution  of  the  same  concentration  with  the  solvent  under 
itmospheric  pressure.  The  approximate  agreement  of  their  observations* 
vith  equation  (12)  would  appear  to  imply,  as  Spens  pointed  out,  that  U  is 
learly  equal  to  JV  for  the  solutions  they  employed.  Strictly  speaking,  the 
/alue  of  Po"  given  by  equation  (10)  or  (12)  is  not  equal  to  that  of  Pq  in 
equation  (10),  even  it  U=W  when  solution  and  solvent  are  under  the  same 
pressure,  because  the  mean  values  *  Uo  and  Wq  are  taken  for  positive  and 
DCgative  pressures  respectively.  The  difl'erence,  however,  would  amount  to 
less  than  1  per  cent,  for  the  largest  pressures  measured  by  Lord  Berkeley  and. 
Mr.  Hartley. 

Example  of  Variation  of  Concentration  in  a  Vertical  Column. 

7.  The  variation  of  concentration  in  a  vertical  column  of  solution  under 
gravity  can  be  determined  if  the  density  and  osmotic  pressure  are  known  as 
functions  of  the  concentration.  The  osmotic  pressure  Po  at  the  bottom  of 
juch  a  column  given  by  equation  (1 1)  exceeds  the  value  of  Po,  given  by 
equation  (10)  for  a  solution  having  a  composition  corresponding  to  the 
aormal  vapour-pressure  p",  in  the  proportion  of  Uo  to  Vq.  For  strong 
jolutions,  the  value  of  Vo  may  be  determined  readily  by  successive 
ipproximation.  But  if  the  difiference  is  small,  and  if  the  concentration  C  is. 
lefined  as  in  equation  (6),  we  have  the  approximate  relation, 

dC/C  =  -P(dV/dP)/V,  (13> 

^here  rfF"  is  the  change  of  V  corresponding  to  the  difference  of  osmotic 
pressures  dP=Po— Po',  and  C,  P,  and  F,  are  the  mean  values  of  the  con- 
^ntration,  osmotic  pressure,  and  specitic  volume  for  the  column. 

It  may  be  interesting  to  give,  as  an  example,  the  variation  of  concentra- 
iion  in  a  vertical  column  for  the  solutions  examined  by  Lord  Berkeley  and 
Mr.  Hartley,  for  which  the  requisite  data  are  available.  They  give  the 
x>ncentration  in  grammes  of  sugar  per  litre  of  solution  at  0°  C.     If  the 
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cancentration  meagured  in  this  way  is  denoted  by  C\  while  C  denote*,  a* 
before^  the  concentration  in  grainmea  pev  gramme  of  solution,  we  have 
C  ^lOQO  GIF.  The  vahiea  of  U  imd  V  for  the  Bolutiom*  at.O'^  C.  are 
calculated  from  laudolt  and  BomBtem'^  tables  of  the  densities  of  cane-E^ng^ 
gijlutions  at  0°  C,  in  wliioh  the  concentrntion  m  expres^aed  in  grammea  d 
Kiigar  per  100  grammes  of  solutiou. 

Table  L^ — Vatiatiou  of  Concent  ration  in  a  Vertical  Cfilumn  of  Solution 

of  Cane-sugar  at  0"^  C. 


c. 

V. 

T/ 

P.'- 

K 

r^ 

Cu'. 

Ci,'-c'. 

P«roaii 

750 

0-083 

0  775 

134-0 

172 '0 

0-767 

900 

140 

18-4 

060 

0'd90 

0-795 

101-0 

136*0    ' 

0-787 

741 

81 

13  t 

o40 

o-doa 

0  835 

67 -S 

82-0 

0-817 

600 

60 

11-1 

430 

O*0»R 

o.im 

44-0 

6J  -r* 

0  852 

4m 

m 

0*5 

800 

0  -998 

0-896 

36-8 

m  '2 

0-807 

31'5 

25 

fl-^      ^ 

ISO 

O*&90 

om2 

HO 

15  4 

0  mo 

193 

13 

7  a 

The  fir^l  lour  eolumna  contain  the  data  for  the  stjlutions  empIoye<i  md 
con-espoud  bo  tlie  concentration  at  the  top  of  tlie  imaginary  vertical  colnmn. 
Pffl  and  Co'  are  the  osmotic  pressure  and  concentration  at  tlie  bottom  of  ^ 
column.  Vo  is  the  mean  specific  volume,  which  is  seen  to  differ  little  from 
that  at  the  top.  The  variation  of  concentration  is  considerable,  and 
illnstratt's  the  order  of  error  involved  in  applying  the  usual  fomiula  (12)  to 
the  cane  of  strong  solutions.  The  numbers  in  the  last  colunin  appeiir  to 
indicate  a  systematic  error  in  the  experimental  number.s  for  strong  solutiousi 
They  would  be  more  regular  if  the  tliecretical  expression  given  below  fof 
the  osmotic  pressure  were  ens  ployed  in  the  calculation. 


The  Cellular  Osmotic  Column. 

8.  A  case  of  special  interest,  as  corresponding  more  closely  with  the  kind 
of  osmotic  column  which  actually  occurs  in  nature,  is  the  cellular  osmotic 
column.  If  a  series  of  minute  osmotic  cells  with  flexible  walls  are  disposed 
in  a  vertical  column  supported  by  fibrous  material,  and  surrounded  by  an 
atmosphere  of  vapour,  the  hydrostatic  pressure  will  be  nearly  unifonu 
throutrhout  the  column,  and  equal  to  the  vapour-pressure.  Such  a  column 
will  be  in  equilibrium  when  the  concentration  at  any  height  is  such  that 
the  vapour-pressure  of  the  solution  is  equal  to  that  in  a  column  of  vapour 
at  the  same  height.  Supposing  that  the  vapour-pressure  at  the  base  is  equal 
to  that  of  the  pure  solvent,  the  concentration  will  increase  from  zero  upwards, 
and  the  osmotic  pressure  referred  to  pure  solvent  at  any  height  is  that  given 
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by  equation  (10).  The  concentration  at  any  height  is  the  same  as  that  at 
the  top  of  a  continuous  column  of  solution  of  the  same  height,  but  the 
elevation  of  the  solvent  is  obtained  more  economically,  without  any  excessive 
pressure  differences,  and  with  less  than  half  the  quantity  of  dissolved 
substance. 

Since  the  osmotic  pressure  at  any  height  depends  on  ?7,  and  not  on  V  as 
in  a  continuous  vertical  column,  it  would  appear  at  first  sight  as  though  the 
action  of  gravity  in  changing  the  concentration  were  eliminated  by  the 
cellular  arrangement.  But  this  is  not  the  case,  because  the  concentration  in 
each  little  cell  must  vary  in  the  same  way  as  in  a  vertical  column.  The 
efifect  of  this  is  to  make  the  elementary  difference  of  osmotic  pressure  between 
the  top  of  one  cell  and  the  bottom  of  the  next  greater  in  the  proportion  of 
U  to  V  than  it  would  be  if  the  concentration  were  uniform  in  each  cell. 
Since  the  direction  of  the  change  of  concentration  in  each  cell  depends  on 
the  direction  of  gravity,  it  would  appear  that  gravity  must  exert  some 
directive  action  on  the  growth  of  the  plant  on  this  account.  In  a  growing 
plant  the  conditions  are  seldom  those  of  equilibrium  or  constant  temperature, 
and  many  other  factors  are  operative,  but  the  consideration  of  the  condition 
of  equilibrium  is  important,  because  the  rate  of  osmosis  will  be  determined 
chietiy  by  the  extent  of  the  departure  from  the  condition  of  equilibrium. 

Method  of  the  Osmotic  Circuit. 

9.  A  circuit  consisting  of  different  phases  containing  one  component  in 
common  presents  many  points  of  analogy  with  an  electric  circuit.  The 
analogy  is  particularly  close  between  thermoelectric  and  osmotic  circuits. 
The  electromotive  force  round  a  circuit  is  measured  by  the  work  done  in 
taking  unit  quantity  of  electricity  round  the  circuit,  and  is  zero  in  a  thermo- 
electric circuit  when  there  is  no  difference  of  temperature.  Similarly,  in  an 
osmotic  circuit  in  equilibrium  at  uniform  temperature,  the  work  done  in 
taking  unit  mass  of  solvent  round  the  circuit  must  be  zero.  Neglecting 
•  eJ:ternal  forces,  such  as  gravity,  the  work  done  is  represented  by  the  integral 
of  UdP  taken  round  the  circuit  between  limits  corresponding  to  the  transition 
points  between  the  phases,  where  U  is  the  increase  of  volume  of  the  phase 
ix>n8idered  per  unit  mass  of  solvent  added  at  a  pressure  P.  The  method  of 
the  osmotic  circuit  essentially  corresponds  to  the  more  familiar  method  of 
the  isothermal  cycle,  but  it  has  the  advantage  that  the  limits  of  integration 
are  obvious,  and  that  the  correct  result  can  be  written  down  in  any  case  by 
mere  inspection ;  whereas  the  method  of  the  isothermal  cycle  is  often  very 
complioated  and  difficult  to  follow,  as  may  be  seen  by  i*eference  to  the 
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esamplea  given  by  Spens  and  Porter.    A  number  of  unnecossaiy  terms  are 

introduced,  and  the  greatest  care  is  required  to  avoid  makini^  mistakes,  of 
which  a  lai-ge  number  might  be  cited. 

li  wc  consider  a  vertical  column  of  liquid  or  solid,  in  equilibrium  with  ita 
va[>our  tlirough  a  vapour-sieve  envelope  as  in  Section  2,  taking  the  integral 
of  p  dp  roimd  any  circuit  partly  in  the  vapour  and  partly  in  the  liquid  or 
solid,  we  obtain  immediately  equation  (3)  and  its  coiTesponding  integral.  In 
the  case  of  n  pure  liquid,  the  work  done  against  gravity  is  negligible.  Ijecansft 
U  is  the  same  as  V,  the  specific  volume  of  the  liquid,  at  all  poinis.  In 
the  case  of  a  solution,  where  U  may  differ  from  F,  tlie  work  done  agaiuflt 
gravity  in  raising  a  mass  of  specific  volume  IT  through  a  solution  of  specific 
volume  V,  which  is  represented  by  the  integral  of  ( V—  U)dF  |>6r  unit  mai^ 
mast  be  added  to  the  integral  of  UdP  in  the  solution.  This  lia^  the  effect  of 
replacing  i7  by  K  in  the  equatioTj,  as  already  explained  in  Section  5,  and 
takes  account  of  the  effect  of  gravity  in  altering  the  coDcentratiou.  If  this 
effect  of  gravity  is  neglected,  and  the  solution  assumed  uniform,  the  method 
naturally  gives  the  effect  of  pressui^e  alone,  as  represented  by  equation  (5). 

Analogy  wUk  the  Isothermal  C^ch, 

10.  A  closer  correspondence  between  the  circuit  method  and  the  method  of 
the  isothermal  reversibje  cycle  is  obtained  if  we  suppose  the  preesune- 
differences  in  the  circuit  utiUsed  for  the  performance  of  external  work  bj 
means  of  imaginary  isothermal  reversible  motors   or   pumps.      Let  fig.  3 


Vapour  V. 


Solution  u 

Fio.  3. — Osmotic  Circuit,  giving  Variation 
of  Vapour-pressure  of  Solution  with 
Hydrostatic  Pressure  P. 


VdpOM^  Vj. 


SolvenD  w.  SoluCion  u. 

Fig.  4. — Osmotic  Circuit  for   Solvent,  Solatioa 

and  Vapour. 


represent  such  a  circuit  consisting  of  solution  and  vapour  separated  by. 
vapour-sieve  partitions  A  and  B.  Suppose  isothermal  reversible  motors 
M',  M",  included  in  the  curcuit,  separating  the  solution  into  two  parts  under 
pressures  F  and  i^,  and  the  vapour  into  two  parts  under  corresponding 
pressures  j^  and  p\  If  the  temperature  is  maintained  uniform,  the  work 
done  by  the  motor  M'  per  unit  mass  of  solvent  passing  through  it  must  be 
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equal  and  opposite  to  that  done  by  the  motor  M'^  No  external  work  is 
done  at  other  points  of  the  circuit.  The  work  done  per  unit  mass  passing 
through  the  motor  M'  is  evidently 

FU'+rPdU-PU=  TudP.  (14) 

J  p'  J  p 

Similarly  the  work  done  per  unit  mass  of  the  vapour  passing  through  the 

motor  M''  in  the  direction  indicated  by  the  arrows  is  given  by  I    v  dp.  The 

sum  of  these  must  be  equal  to  zero,  which  corresponds  with  the  result  of  the 
isothermal  cycle  represented  by  equation  (5). 

As  an  additional  complication,  we  may  introduce  the  solvent  into  the 
circuit  (though  this  is  really  unnecessary,  and  does  not  prove  anything  new), 
as  indicated  in  fig.  4,  by  supposing  it  separated  from  the  solution  by  a 
semi-permeable  membrane  under  pressures  P'  and  P"  respectively,  such  that 
P'— P"  equals  the  osmotic  pressure  Pq.  An  equivalent  method  is  to  employ  a 
pair  of  vapour-sieve  partitions  A  and  B,  separated  by  a  space  containing 
vapour  at  the  common  pressure  po.  The  motors  M',  M"  serve  to  reduce  the 
pressures  of  the  solvent  and  solution  respectively  to  equilibrium  with  their 
normal  vapour-pressures  p',  p."  The  vapour  is  separated  into  two  parts  at 
pressures  p'  and  p"  by  the  motor  Mo.  Equating  to  zero  the  sum  of  the 
external  work  done  by  the  three  motors,  we  have  evidently, 

r\J  dP-h  r'v  dp-h  C'w  dP  =  0.  (15) 

J  p"  J  p'  J  p' 

This  corresponds  with  the  isothermal  cycle  worked  out  by  Porter,*  but 
the  circuit  method  enables  the  whole  process  to  be  displayed  graphically, 
and  the  physical  interpretation  of  each  term  in  the  result  is  made  immediately 
obvious. 

£ffect  of  Pressure  on  the  Latent  Heat  of  Vaporisation. 

11.  In  an  isothermal  circuit  or  cycle  the  algebraic  sum  of  the  quantities 
of  heat  absorbed  and  liberated  must  also  be  equal  to  zero.  Applied  to  the 
isothermal  circuit  of  fig.  1,  in  which  solvent  and  solution  are  in  osmotic 
equilibrium  under  pressures  F  and  P",  this  condition  leads  to  the  result  that 
the  latent  heat  of  vaporisation  of  the  solution  at  A  must  be  equal  to  the 
latent  heat  of  condensation  of  the  solvent  at  C,  under  the  same  vapour- 
pressure  plus  the  heat  Qo  evolved  on  dilution  at  B. 

L"  =  L'-hQo.  (16) 

Applied  to  the  osmotic  circuit  of  fig.  3,  the  condition  gives  the  rate  of 

♦  Loc,  cit. 
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variation  of  the  latent  heat  of  vaporisation  of  a  solution  with  change  of 
pressure  at  constant  temperature.  The  heat  absorbed  in  vaporisation  at  A, 
plus  the  heat  absorbed  in  the  motor  M",  equals  the  heat  evolved  in  con- 
densation at  B,  plus  the  heat  evolved  in  the  motor  M'.  Supposing  for 
convenience  that  the  difiference  of  pressure  is  small,  or  that  P'— P=dP,  and 
p'  — p=  dp,  the  heat  absorbed  in  the  motor  M'' is  —  ^dp(dv/d^).  which  is 
approximately  equal  to  the  work  done  —  vdp,  since  (dv/d^)  is  nearly  equal 
to  \/0  for  the  vapour.  The  heat  absorbed  in  the  motor  M'is  similarly  equal 
to  —^  dP(dU/d^)p.     Since  v  dp  =  U  dP,  we  have  evidently  the  relation, 

(dL/dP)^  =  U-^  (dU/d^)p.  (17> 

A  precisely  similar  relation  applies  for  the  pure  solvent,  with  the  sub- 
stitution of  W,  the  specific  volume  of  the  pure  solvent,  in  place  of  U.  If  we 
apply  this  relation  to  the  case  of  water  at  4°  C,  at  which  temperature 
(dW/d^)=0  under  atmospheric  pressure,  we  find  the  rate  of  increase  of  the 
latent  heat  per  atmosphere  (10*)  of  pressure  equal  to  10*  ergs,  or  a  pressure 
of  about  42  atmospheres  would  be  required  to  increase  the  latent  heat  by 
1  calorie.  The  change  at  other  temperatures  can  be  deduced  from  a  knowledge 
of  the  coefficient  of  expansion. 

TJieory  of  Osmotic  Pressure, 

12.  The  several  theories  of  osmotic  pressure  now  current  may  be  roughly 
classified  under  four  heads:  (1)  The  gas-pressure  theory,  according  to  which 
the  osmotic  pressure  due  to  the  molecules  of  the  solute  is  the  same  as  that 
which  would  be  exerted  by  the  same  number  of  molecules  of  gas  occupyiug 
the  same  volume  at  the  same  temperature.  (2)  The  surface-tension  theory, 
according  to  which  the  pressure  developed  is  due  to  surface-action  ur 
difference  of  surface-tension.  (3)  The  association,  or  hydrate  theory, 
according  to  wliich  the  ellects  are  due  to  residual  chemical  altinity  between 
solvent  and  solute,  resulting  in  the  formation  of  hydrates  or  similar 
raolecidar  complexes.  (4)  The  vapour-pressure  theory,  according  to  which 
the  osmotic  pressure  is  simply  the  pressure  required  to  produce  equilibriuiu 
of  vapour-pressure  between  the  solvent  and  solution.  It  is  probable  that  all 
the  theories  possess  some  elements  of  truth,  and  that  they  may  be  to  some 
extent  merely  different  aspects  of  the  same  phenomenon. 

As  an  illustration  of  the  deviation  of  the  experimental  results  from  the 
usually  accepted  theory,  the  observations  of  Lord  Berkeley  and  Mr.  Haitley 
on  the  osmotic  pressures  of  strong  solutions  of  cane-sugar  and  dextrose  at 
0°  C.  are  plotted  in  the  accompanying  diagram,  fig.  5.  In  their  papers  the 
results  are  tabulated  and  plotted  in  terms  of  concentration  C  in  grammes 
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of  sugar  jTer  litre  of  soliUioTiy  which  has  geueniUy  been  adopted  in  dealing 
with  osmotic  pressure  in  consequence  of  Vau't  Hoffs  theory.  It  is  more 
convenient,  however,  in  dealing  with  osmotic  pressures  or  depressions  of  the 
freezing-point  in  strong  solutions,  to  plot  the  results  in  terms  of  concentra- 
tion C"  expressed  in  grammes  of  solute  per  gramme  of  solvent,  because  for 
normal  solutions  such  as  cane-sugar  the  curves  are  more  nearly  straight, 
and  the  deviation  of  the  observations  from  the  theoretical  curves  can  be 
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Fig.  5.—  Osmotic  Pressures  of  Solutions  of  Cane-sugar  and  Dextrose. 

more  readily  estimated.  In  dealing  with  densities  or  specific  volumes  it  is 
generally  better  to  employ  the  percentage  concentration  100  C  (grammes 
of  solute  per  1 00  grammes  of  solution)  in  terms  of  which  they  are  usually 
tabulated.  The  relation  between  the  three  modes  of  expressing  the  concen- 
tration is 

C'V  =  C  =  C7(l-hC"). 

In  comparing  solutions  of  different  substances  it  is  necessary  to  plot  the 
i-esults  in  terms  of  the  ratio  of  the  number  of  molecules  n  of  the  dissolved 
substance  to  the  number  of  molecules   N  of  the  solvent  in  the  solution, 
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because  the  relatione  involved  are  of  a  molecular  nature.  We  have 
n/Ji=  m(f'IM,  where  m  and  M  are  the  molecular  weights  of  solvent  and 
solute  respectively*  In  plotting  the  observations  in  fig.  5,  N  is  taken  n* 
etjual  to  lOO,  and  the  values  of  the  osmotic  pressure  are  plotted  against  tlie 
number  n  of  molecules  of  salute  to  100  molecules  of  solvent.  The  mol&ctikr 
weight  of  water  is  taken  aa  18,  aud  the  corresponding  valueei  for  cane- 
sugar  and  dextrose  as  342  and  180  respectively,  which  are  suilicieiilly 
approximate  for  the  purpose. 

Aecoitiing  to  the  gas-preasure  theory,  as  usually  stated,  the  pressure  exeitd 
should  be  given  by  the  formiila, 

F  =  MC'/M  =  lieCfMW  =  WC'IUY  (1+0").  (18) 

where  R  is  the  gas-constant  and  V  tht?  volume  of  unit  mass  uf  soluUon 
containing  C/M  gramme-molecules  of  solute*     It  is  weU-kuown  that  thk 

I  gives  values  of  P  which  are  much  too  aumll  for  strong  solution'^,  iu  fact 
nearly  three  times  too  small  for  the  atrongest  solutioas  of  cane-sugar  Le*te<i 
by  Lord  IJerkeley  and  Mr.  Hartley,  as  shown  by  th&  curve  marked  1  in 

i  fig.  5,  A  hitter  apjiroximatiou  is  obtained  if  \  is  replaced  by  the  volume 
of  solvent  iu  the  solution,  namely  (1  — C)  U^  which  gives 

I  P  =  Ri?C/MU  (1  -C)  =  RflC'VMU,  (19) 

This  proceeding  is  analogous  to  subtracting  the  covoluraa  term  h  from  the 
j     volume  occupied,  as  in  the  gas  equation  of  Yau  der  Waals,     But  evea  tliis 
is   not   sutiiciont  iu  tlie  case  of   cane-sugar,  as  shown  by  the  straight  hue 
marked  II  in  fig.  5.     The  residual  discrepancy  may  be   accounted  for  by 
introducing   other   empirical   terms   in  the  equation  as  indicated   by  Lord 
Berkeley    in    his  note    On  the  Aj^plication  of    Van  der   Waals*  Eqnatim  io 
Solutions*     This  is  not  altogether  satisfactory,  because  so  many  different 
types  of  equation  are  possible,  and  the  empirical  constants  cannot  be  inter- 
preted, or  predicted  from  other  properties  of  the  substances  concerned. 

The  surface-tension  and  hydrate  theories,  as  usually  stated,  are  unprofit- 
able, because  they  do  not  appear  to  admit  of  the  calculation  of  the  osmotic 
pressure  for  comparison  with  the  results  of  experiment.  There  is  no  doubt 
that  differences  of  surface-energy  exist  between  the  solution  and  solvent, 
and  that  molecular  complexes  are  formed  in  solution,  and  that  such 
effects  might  give  rise  to  a  difference  of  pressure,  but  the  relation  between 
the  phenomena  is  not  directly  capable  of  numerical  expression  in  any  obvious 
manner. 

The    vapour-pressure   theory  is   undoubtedly  the  most  practical,  because 
there  is  a  definite  and  simple  relation  between  the  vapour-pressure  and  the 
*  *Roy.  Soc.  Proc.,'  A,  vol.  79,  p.  125. 
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•osmotic  pressure,  which  has  been  closely  veri6ed  by  the  experiments  of  Lord 
Berkeley  and  Mr.  Hartley  for  strong  solutions.  It  remains  to  be  seen 
whether  the  vapour-pressure  of  a  solution  can  be  theoretically  related  in 
:any  simple  manner  to  its  molecular  constitution.  A  step  in  this  direction 
has  been  made  by  Poynting,*  who  supposes  that  each  molecule  of  the 
solute  combines  with  a  molecules  of  solvent  in  such  a  manner  as  to  render 
:them  inactive  for  evaporation.  If  there  are  n  molecules  of  solute  to  N  of 
solvent  in  the  solution,  the  ratio  of  the  vapour-pressures  p"/p'  of  solution 
:and  solvent  should  in  that  case,  according  to  Poynting,  be  the  ratio  of  the 
number  of  free  molecules  of  solvent  N—an  to  the  whole  number  of  molecules 
•of  solvent  JVin  the  solution.     We  thus  obtain  the  relations 

P'7p' =  (N-an)/N,     or     (p'-p")/p' =  an/N.  (20) 

In  order  to  reconcile  this  assumption  with  Raoult's  law  for  dilute  solutions 
•oF  non-electrolytes,  it  is  necessary  to  suppose  that  a  =  1,  or  that  each 
molecule  of  solute  combines  with  only  one  molecule  of  solvent.  Since 
n  =  C/M  and  N  =  (l--C)/m,  where  if,  vi  are  the  molecular  weights  of  the 
^Bolute  in  solution  and  of  the  vapour  of  the  solvent  respectively,  we  obtain 
immediately  by  substitution  in  (2)  or  (3),  putting  v  =  E^/nip  and  V  =  U, 
the  approximate  result  (19),  which  is  equivalent  to  that  given  by  Poynting. 
But  Poynting  applies  the  assumption  only  to  dilute  solutions,  and  does  not, 
therefore,  distinguish  between  U,  V,  and  W. 

The  advantage  of  making  this  assumption  with  regard  to  the  variation  of 
the  vapour-pressure  with  the  number  of  free  molecules  is  that  it  gives  a 
•comparatively  simple  explanation,  without  straining  the  gas-pressure  analogy, 
of  the  fact  that  the  osmotic  pressure  appears  to  depend  more  nearly  on  the 
volume  occupied  by  the  solvent  in  the  solution  than  on  the  whole  volume  of 
the  solution.  The  particular  assumption  made  does  not,  however,  appear  to 
be  quite  satisfactory  for  two  reasons :  (1)  it  does  not  represent  the  results  of 
•experiment  sufficiently  closely  for  strong  solutions,  and  (2)  it  is  necessary  to 
suppose  that  each  molecule  combines  with  only  one  molecule  of  solvent.  If 
each  molecule  of  the  solute  combines  with  two  or  three  or  more  molecules  of 
.solvent,  the  change  of  vapour-pressure  and  the  depression  of  the  freezing- 
point,  on  Poynting's  assumption,  would  be  twofold  or  threefold,  or  in  propor- 
tion to  the  number  ot*  molecules  to  each  molecule  of  solute.  At  first  sight 
this  would  give  a  natural  explanation  on  the  association  theory  of  the  case  of 
■electrolytes,  if  there  were  not  so  much  conclusive  evidence  that  the  effect  in 
this  case  is  due  to  dissociation  or  multiplication  of  molecules.  The  existence 
of  multiple  hydrates  would  rather  lead  one  to  expect  that  the  molecular 

♦  '  PhiL  Mag.,'  vol  42,  p.  298,  189G. 
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conjjjlexes  occurring  in  solutions  often  contain  peveial  molecules  of  solvent, 
and  tlmfc  the  number  of  molecules  of  solvent  in  each  coDJi>lex  may  vary 
coneiderably  without  producing  so  marked  an  effect  on  the  vapour- pr^s^^ure 
or  the  freexint^-jxiint  as  wouhl  be  indicated  by  Pointing's  theory. 

A  more  natural  assumption  to  make  with  regard  to  the  dependence  of  thfr 
vapour-presi^ure  on  the  number  of  molecules  in  the  ^solution  would  api;>eiirto 
be  that  the  \'apour-pressure  ratio  p'7p'  is  equal  to  the  mtio  of  the  numkrt^f 
free  moleeules  of  solvent  to  the  whole  number  of  molecules  in  the  solatioii, 
instead  of  to  the  number  of  molecules  of  solvent.  On  this  view,  each 
molecular  complex  is  treated  as  a  single  molecule,  and  it  ia  itnniaterwl, 
to  a  tirst  approximation,  how  many  molecules  of  solvent  it  raay  coutaiiL 
If  each  molecule  of  solute  apjiropriates  a  molecules  of  solvent,  and  if  a,  N 
denottt,  as  before,  the  whole  number  of  molecules  of  solute  and  solveut 
reapectively  in  the  solution,  the  number  of  fi^ee  molecules  of  solvent  u 
N—an,E^d  the  whole  number  of  molecules  in  solution  is  A"— em  +  n*  Wf 
thus  obtain, 

Batio  of  Yapour-PresMur^s,*,. p'Vp'  —  {N— an)/(X— an+aj, 

Relative  Loweiiug  of  Vaponr-l'ressnre    (p^  — p")/p'  —  n/(N  — qu  +  u). 
Law eri tig  Kelative  to  Solution (p'— p")/p"  =  n/(A\'— an).  (i\} 

This  agrees  with  Poyn ting's  assumption  in  the  special  case  where  fr  =  I, 
and  coincides  with  Van't  Hoflfs  theory  in   the  limit   for   dilute   solutions, 
whatever  he   the   value  of  a.     But  it  makes  a  very  considerable   difference 
in   the    case   of    strong   solutions.       In    applying    the    assumption   pjp' 
=  {N—an-Jfn)l{N'-an)  to  strong  solutions,  it  is  necessary  to  employ  the 
logarithmic   formula  (10),   namely,   Po' Uo  =  B6  lo(/e(p/p'')/m,   in   place  of 
the  approximate  formula  (2).     The  curves  in  fig.  5  are  drawn  to  represent 
the  values  of  the  osmotic  pressure  for  the  two  cases  a  =  2  and  a  =  5,  which 
appear  to  represent  the  observations  on  dextrose  and  cane-sugar  within  the 
limits  of  experimental  error.     The   product  FU  is  plotted  in  place  of  Pr 
because  the  correction  for   U  is  small  and  somewhat  doubtful,  and  was  not 
applied  by  Lord  Berkeley  and  Mr.  Hartley.    The  highest  points  for  cane-sugar 
at  n  —  7'6  lie  below  the  curve,  but  the  agreement  is  sufficiently  close  to 
suggest   that   the   formation    of    molecular    complexes    containing    several 
molecules  of  solvent  is  a  very  probable  explanation  of  the  main  features^ 
of  tlie  variation  of  osmotic  pressure  with  concentration  in  solutions  of  the 
same  kind  as  those  of  cane-sugar. 

It  will  be  observed  that  since  log^  (1+x)  =  x  — -Jx^-f-ix^...,  the  expres- 
sion for  the  osmotic  pressure  reduces  approximately  to  the  form 

P  =  K^n/(N-an)  Urn,  (22> 
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when  n  is  small  compared  with  N^an.  Here  Urn  is  the  volume  occupied  by 
1  gramme-molecule  of  the  solvent  in  the  solution;  N-^an  is  the  number 
of  free  molecules  of  the  solvent  in  the  solution  to  n  of  the  solute.  The 
osmotic  pressure  is  therefore  approximately  equal  to  that  which  would  be 
exerted  by  n  molecules  of  gas  in  the  volume  occupied  by  the  remaining  free 
molecules  of  the  solvent.  The  gas-pressure  analogy  still  holds  to  this  extent 
as  a  first  approximation,  even  in  fairly  strong  solutions.  But  it  would  be 
straining  the  analogy  unduly  to  regard  the  pressure  which  the  molecules 
would  exert  in  an  imaginary  volume  if  they  were  gaseous  as  being  the 
primary  cause  of  the  phenomena  of  osmotic  pressure.  In  reality  the 
Bquilibrium  depends  primarily  on  equality  of  vapour-pressure.  If  vapour 
is  supplied  to  a  solution  at  a  pressure  in  excess  of  the  normal  vapour- 
pressure  of  the  solution,  the  vapour  will  condense  in  the  solution,  and  the 
condensation  will  continue  until  either  the  pressure,  or  the  temperature,  or 
the  concentration  of  the  solution,  is  changed  in  such  a  manner  as  to  restore 
equilibrium  between  the  solution  and  the  vapour.  The  assumption  of  a 
simple  molecular  relation  for  the  vapour-pressure  seems  also  to  give  better 
agreement  with  experiment  than  the  assumption  of  a  similar  relation  for  the 
gas-pressure. 

Lowerhig  of  th^  Freezing-point  in  Strong  Solutions. 

13.  Direct  measurements  of  the  vapour-pressure  or  osmotic  pressure  in 
strong  solutions  ate  very  difficult,  and  there  is  little  material  available  for 
testing  the  theory  in  this  direction.  Observations  of  the  lowering  of  the 
freezing-point  are  more  numerous,  and  less  liable  to  serious  error,  although 
they  present  considerable  difficulties  in  the  case  of  strong  solutions.  In 
the  usual  case  of  the  solvent  separating  out  in  the  pure  state  on  freezing,  the 
vapour-pressure  of  the  solution  at  the  freezing-point  must  be  equal  to  that  of 
the  solid  solvent.  Taking  the  case  of  aqueous  solutions  for  simplicity  of 
description,  in  order  to  find  the  osmotic  ])ressure  of  a  solution  at  its  freezing- 
point  we  have  merely  to  substitute  the  value  p  oi  the  vapour-pressure  of  ice 
in  place  of  />",  the  vapour-pressure  of  the  solution  in  formula  (10)  for  the 
3sniotic  pressure.  The  determination  of  vapour-pressure,  or  molecular  weight,. 
JT  osmotic  pressure,  by  the  freezing-point  method  depends,  therefore,  primarily 
>n  knowing  the  relation  between  the  vapour-pressures  of  ice  and  water  below 
the  freezing-point. 

The  difference  of  vapour-pressures  ^—p'  of  ice  and  water  at  a  temperature 
^  C.  near  the  freezing-point  0°  C.  is  generally  obtained  from  Kirchhotl'*& 
ipproximate.  formula, 

dp/d^-dp'/d^  =  L/^v,  (23) 
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where  L  is  the  latent  heat  of  fusion,  and  v  the  volume  of  ttie  vapour. 
Putting^— J?'  for  dp—dp\  and  i  for  d$^  and  substituting  v  =  \l0ofrnp\  we 
obtain, 

(P-pO/p'  =  +mLt/Efi^  (M) 

Equating  this  to  the  approximate  formula  for  the  relative  lowering  of  the 
'\"apour-pre6sure  of  the  sohitiou  (p'— p'')/p'  in  terms  of  the  osmotic  pres&uit 
and  the  concentration,  we  have  the  uanal  relation 

mPU/R^  =  n/N  =  mC"/M  =  ^mLt/E^o*  =  -2-64t/^o-  0) 

Thia  gives  for  the  "  molecular  lowering  "  of  the  freezing-point  product  by 
1  grajjime-molecule  of  solute  in  100  grammes  of  solvent,  in  the  case  of  M'ateri 
the  value  t„  =  18*^*6,  or  for  1  gram  me -molecule  in  100  ^amme-mQiccith  of 
crater  the  value  t  =  1°'033,  if  L  is  taken  as  79*5  calories,  and  R  =  l'^^ 
calories. 

Kesults  for  tlie  lowering  of  the  fi^ezing-poinfc  in  strong  fiolutions  ai^ 
generally  compared  by  tabulating  the  molecular  lowering  deduced  irom 
different  ranges  of  temperature,  for  comparison  with  the  approximate  result 
given  by  tliis  formula.  This  method  illustrates  tlie  wide  divei"gence  of  the 
experimental  results  from  the  approximate  fonuula,  but  it  does  not  tlifo* 
much  light  on  the  causes  of  the  divei;gence,  because  the  approximate  formula 
-deduced  on  such  assumptions  could  not  be  expected  to  hold  at  all  accurately 
except  in  the  immediate  neighbourhood  of  the  freezing-point. 

The  formula  tacitly  assumes  that  the  ratio  of  the  difference  of  vapour- 
pressures  of  ice  and  water  to  the  vapour- pressure  of  water  is  directly 
proportional  to  t.  To  give  some  idea  of  the  error  involved  in  the  case  of 
strong  solutions,  the  values  of  log,  (p'/p)  calculated  on  this  assumption  are 
tabulated  under  the  lieading  I  in  the  accompanying  Table  II,  for  comparison 
with  the  values  given  by  more  accurate  formulae. 

A  method  adopted  in  many  books  is  to  integrate  KirchhofiTs  equation  on  the 
assumption  that  the  latent  heat  of  fusion  Z,  or  rather  the  diflFerence  of  the 
latent  heats  of  vaporisation  of  the  solid  and  liquid,  is  constant,  w^hich  leads 
at  once  to  the  result, 

log,0>7i^)  =  -mLt/R^^o,  =  -2-64t/^.  (II) 

This  fits  very  well  with  formula  (10)  for  the  osmotic  pressure,  giving  the 
simple  expression  Pr=Lt/0oy  but  since  the  specific  heats  of  water  and  ice 
are  known  to  difler  cohsidembly,  the  values  to  which  it  leads  are  probably 
quite  as  much  in  error  as  those  deiluced  on  the  first  assumption.  The 
resulting  values  of  log^  (p'/p)  are  given  in  the  table  imder  the  heading  II, 
ami  are  seen  to  differ  from  tliose  given  by  I  by  about  8  per  cent,  at  —  10°C. 
4ind  about  16  per  cent,  at  —20*^  C.     The  ei^uation  is  no  doubt  preferable  to  I 
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as  corresponding  to  a  simple  and  deHnite  assumption,  but  as  the  assumption 
is  certainly  wrong,  it  would  be  futile  to  apply  the  equation  to-  strong- 
solutions. 


Accurate  Equation  for  the  Vapour-pressures  of  Ice  and  Water  in  terms  of  the 

Specific  Heats, 

14.  In  order  to  obtain  a  more  accurate  equation  it  is  necessary  to  take 
fiiccount  of  the  difference  of  the  specific  heats,  which  corresponds  to  the 
variation  of  the  latent  heat  of  fusion.  This  may  be  done  in  many  ways,  but 
it  affords  a  good  example  of  the  circuit  method.  Imagine  a  circuit  consisting 
of  parallel  columns  of  ice  and  water,  AB,  CD,  in  equilibrium  at  either  end 
with  vapour  at  0°  C,  and  vapour  at  —  ^°  C,  as  indicated  in  fig.  6.     Suppose. 


Vapour  at   o°C. 
h  pressureio 

I 

1 

WdLuer 
3d6 

Ice 
sd0 

I 

M 

1 

L. 

Pressure 
P' 

/fioCorN 
\vdpj 

Pressure 
P 

\ 

/apo 

ur  ai;  - 

t'^C 

Fig.  6. — Circuit  Method  for  Ratio  of  Vapour-pressures  of  Ice  and  Water  in  terms  of  the- 

Speci6c  Heats. 

unit  mass  to  travel  round  the  circuit  in  the  direction  indicated,  starting  with 
the  state  of  vapour  at  0°  C.  under  the  vapour  pressure  po,  which  is  the  same- 
for  ice  and  water.  Heat  Zo'  is  evolved  in  condensation  to  water  at  0°  C. 
Heat  s^d0  is  evolved  in  cooling  for  each  element  d6  from  0°  to  —  ^°  where 
«'  is  the  specific  heat  of  water  under  vapour- pressure  p\  Heat  L'  is  absorbed 
in  evaporation  at  —  ^  at  a  pressure  y.  The  vapour  is  then  expanded  through* 
a  motor  M  at  constant  temperature  —  ^  to  a  pressure  p,  the  vapour-pressure 
of  ice  at  —t.  The  work  done  in  the  motor  is  the  integral  of  v  dp,  and  is 
equal  to  the  heat  absorbed.  Heat  L  is  evolved  in  condensation  to  ice  at 
— ^.  The  integral  of  s  dO  is  absorbed  in  heating  to  0°  C,  where  .<?  is  the  specific 
heat  of  ice  under  its  own  vapour-pressure  p.  Finally,  heat  Lq  is  absorbed  in 
evaporation  at  0°  C.  The  work  done  by  the  expansion  of  the  solid  or  liquid 
may  be  neglected,  because  the  pressures  are  very  low  and  the  volumes  ot 
the  solid  and  liquid  are  quite  negligible  compared  with  that  of  the  vapour. 
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Bj  tikB  firet  law,  equating  the  heat  abaorbec}  to  the  work  done,  we  obtaii], 

By  the  second  law,  taking  the  integral  of  dH/^  round  the  circuit, 

(L^V)/$-iU-W)/6o  =  fCa'-sl  de/d-^i^vdp/e,  (26) 

Substituting  from  (25)  in  (26)  for  L^L\  and  putting  Lf  the  latent  heai  of 
fusion  at  0^  C.^  for  the  difference  of  the  latent  heats  of  vaporisation  at  ff°,  we 
obtain  the  requii-ed  relation  in  terms  of  Lf  and  the  specific  heats* 

EH%(p7p)/m  =  -L(t/dtf,  +  i  p(s'-s)d^-r(s'-s)dd/5.      (27) 

This  result  is  equivalent  to  equation  II  with  added  terms  representing  th^ 
effect  of  the  difference  of  the  specific  heats.  The  integrala  cannot  bo  evalwital 
exactly  without  a  knowledge  of  the  mode  of  variation  of  the  specific  tet 
with  temperatm-e,  but  we  shall  evidently  obtain  a  much  better  approximation 
than  either  1  or  II  if  we  aesume  {j'  — #)  constant  and  equal  to  its  value  at 
0^  C,  The  most  probable  value  of  the  diffei-ence  of  the  specific  heats  uf  ice 
and  water  at  0*^  C.  apj>ears  to  be  (.^'  — v)  =  0-52.  Putting  X/=7^*5j  B\n\-^ 
0110*^,  and  5u  =  273,  we  obtain  the  numerical  foi-mula, 

^^.  (pVtO  =  ^2'64t/e  +  471  (t/5-log,  re/ft,) ).  (Ill) 

The  first  term  is  the  same  as  in  II.  The  second  term,  depending  on  the 
specific  heats,  is  small  because  ifQ  is  nearly  equal  to  log^  {OjOa)  when  t  is 
small.  Its  value  to  a  first  approximation  is  —2-35  {tjdoY.  Values  deduced 
from  this  formula  are  given  in  column  III.  They  lie  nearly  midway  between 
those  given  by  I  and  II. 

The  mode  of  variation  of  the  specific  heat  of  water  at  temperatures  below 
0°  C.  cannot  be  determined  satisfactorily  by  experiment.     It  probably  increases 
with  fall  of  temperature,  being  continuous  with  the  curve  above  0°  C.     The 
specific  heat  of  ice  appears  to  diminish  with  fall  of  temperature.     Eegnault 
finds   the   value   s  =  0*462   for   ice   (corrected)   between    0°    and    —78°  C. 
Nordmeyer  and  Bernouilli  give  0*345  between  0°  and  —185°.     The  probable 
error  involved  in  neglecting  the  variation  of  the  specific  heat  is  small,  and  can 
be  estimated  by  making  different  assumptions.     If  we  suppose  for  instance 
that  the  difference  of  the  specific  heats  varies  directly  as  the  absolute  tempera- 
ture, or  that  (s'— s)  =  s^iOjOo,  we  obtain  the  simple  result, 

R  loge  iVlv)l^  =  -Lft/^^o-f^otV2^^o.  (28) 

If  So  =  0*52,  this  gives  the  numeiical  formula, 

loge(p7p)  =  -2-64 1/^-00172  t72^.  (IV) 
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If,  on  the  other  hand,  we  make   the  exactly  opposite  assumption,  that 
^s'— s)  varies  inversely  as  ^,  or  s'— s  =  0-52^o/^.  we  obtain  the  equation, 


log,(p7p)  =  -2-Mt/0-4:-71{t/e-(0o/e)\og,(0/0on 


(V) 


Values  calculated  by  these  formuhe  are  given  in  columns  IV  and  V.  The 
'differences  from  column  III  are  probably  within  the  limits  of  error  of  onr 
knowledge  of  the  specific  heats  at  0°  C.  The  absolute  valueof  (s'— s)  is  more 
important  for  our  purpose  than  a  knowledge  of  the  mode  of  variation. 

It  will  be  observed  in  comparing  tlie  values  of  log,  (p'/p)  in  columns  III, 
IV,  and  V,  with  the  values  of  —2-64  t/0o  given  in  column  VI,  that  they  are  very 
nearly  equal;  the  differences  average  about  0*5  per  cent,  down  to  —50°  C. 
The  values  are  all  very  nearly  proportional  to  t,  at  least  within  the  limits  of 
possible  error  of  our  knowledge  of  (s'— s).  If  we  might  assume  Sq  =  2Lf/0o 
=  0*582,  in  (28),  or  (L—L')/d^  =  LfjOi?,  the  equation  would  reduce  exactly  to 
the  very  simple  form 

loge(p7P)=  -2-64  t/^o,  (VI) 

which  is  the  same  as  II,  except  that  6  is  replaced  by  ^o.  This  requires  a 
rather  smaller  value  for  the  specific  heat  of  ice  than  that  usually  accepted, 
but  considering  the  uncertainty  of  our  knowledge  of  the  specific  heats,  this 
formula  has  been  adopted  in  the  calculations  for  the  sake  of  simplicity,  as  it 
has  a  definite  theoretical  basis,  and  agrees  with  III  or  IV  within  tlie  probable 
limits  of  error  of  experiment.  In  many  cases  formula  V,  which  allows  for 
the  probable  increase  of  {s  —s)  with  fall  of  temperature,  appears  to  give  better 
agreement  with  experiment,  and  it  may  eventually  prove  to  be  a  better 
approximation  tlian  the  simpler  formula  VI. 


Table  II. — Values  of  loge(p7p)  f^^^*  Ice  and  Water  according  to 

Formulae  I — VI. 


t. 

I. 

II. 

III. 

IV. 

V. 

VI. 

(p7p). 

o 

-  2 

0  -01915 

0-01948 

0  01935 

0  -01935 

0  -01935 

0  -01934 

1  -01953 

-  5 

0  04721 

0-04924 

0  04842 

0-04843 

0-04842  j 

0  04835 

1  -04955 

-  7 

0  06548 

0-06948 

0-06787 

0  06790 

0-06786 

0-06769 

1  -07004 

-10 

0-09229 

0  10a37  1 

0  -09705 

0  -09711 

0  -09701 

0  -09670 

1  10154 

-18 

0-11840 

0  -13200 

0  12631 

0  12638 

0  -12622 

0  -12571 

1  -13397 

-16 

0  18643 

0-15348  i 

0  14581 

0-14596 

0  14667 

0-14505 

1  -15611 

-20 

0-17680 

0-20870 

0  -19470 

0  19500 

0  19440  1 

0 -19340 

1  -21340 

-30 

0-25463 

0  -3269  i 

0  -2927 

0  -2939 

0  -2914  1 

0  -2901 

1-33660 

-40 

0-3269 

0  -4535  1 

0  -3913 

0-3945 

0-3876 

0-3868 

1  -47231 

-60 

0-4944 

0-5930 

0-4896 

0-4963 

0-4828  1 

0-4835 

1  -62181 

-60 

0-4575 

0  7435 

0-5858 

0  -5977 

0-5719 

0-5802 

1-78649 
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The  last  (KJliiinn  cou  tains  tlie  value  of  the  ratio  of  the  vapour^pressures  of 
water  and  ice  required  for  calculating  the  lowering  of  the  freezing-point  hf 
the  rule  for  the  vapour-preesure  of  a  solntioti  given  in  e{^u^itiona(21).  It  may 
be  reiuarked  that  this  ratio  eannot  be  takeu  frojii  tabulated  valuer  of  iht 
vapour-pressures  of  water  aijd  iee,  such  m  thuae  ^iveu  in  Laudolt  ami 
Bomsteiii'fl  table's  (based  partly  on  the  work  of  Thiesen  and  Scheel),  betaii.se 
the  vapour- prpasures  of  water  below  the  freezing-point  cannot  be  deterajinwi 
experimentally  with  sutficient  accuracy  for  the  purpose,  since  the  ditferenw 
of  vapour-pressum  is  very  anjall.  Thus  the  ratio  of  the  vapour- pressures  at 
—2^  C.  from  the  tables  is  1*0164,  and  the  required  difference  0*0164  is  about 
15  per  cent,  too  smalL  But  the  tabulated  vapour-pressures  for  ice  a^ree 
with  those  calculated  by  the  authors  method*  U)  within  a  few  thousandths 
of  a  millinaetre,  ou  the  aasumption  that  ita  spec i fie  heat  ia  0^48  and  equal  t& 
that  of  steam. 

Applimiion  ic  N^n-Ekdrolyirs, 

13.  In  order  to  apply  this  table  to  the  lowering  of  the  freezing-point  o{  ii 
Bolaiiou,  the  values  of  p*  jp—X,  taken  from  the  last  column,  multiplied  by  100, 
ai^  plotted  against  the  corresponding  values  of  t  in  the  diagram,  13^.  7^  atJil 
give  the  curve  marked  a  =  0,  Tlic  same  curve,  if  the  abscissa  is  taken  Vy 
repti?Bent  71,  the  number  of  molecules  of  solute  to  N  =  100  of  solvent,  abodd 
give  the  depression  of  the  freezing-point  for  a  solution  for  which  {p*—p")lf 
=  n/iV,  that  is  to  say  for  the  case  in  which  ^  =  0  in  equations  (21),  or  the- 
solute  does  not  combine  with  any  molecules  of  solvent.  The  curves  for 
different  values  of  a  are  found  from  the  curve  a  =  0  by  calculating  the  values 
of  the  ratio  0^'— i^")/i>"  =  n/(N'-an\  finding  the  corresponding  values  of  t 
from  the  vapour-pressure  curve  a  =  0,  and  plotting  the  values  so  found 
against  n. 

The  straight  line  t=  —  l*033?i  is  the  tangent  at  0°  C.  to  the  vapour- 
pressure  curve  a  =  0,  and  represents  the  value  of  the  depression  of  the  freezing- 
point  for  a  normal  substance  according  to  Van*t  Hoff's  cryoscopic  constant 
k  =  18^-6  for  1  molecule  of  solute  in  100  grammes  of  solvent.  It  gives  a> 
fair  approximation  to  the  curve  of  vapour-pressure  for  weak  solutions,  the- 
error  at  ^  =  —10°  being  less  than  5  per  cent.  It  may  be  necessary  to  point 
out  that  this  assumption  differs  widely  from  the  assumption  of  a  cryoscopic 
constant  for  volume-normal  solutions  (gramme-molecules  per  litre)  which  is 
often   made  in  reducing  freezing-point  observations   according   to   the  gas- 

*  *Roy.  Soc.  Proc.,'  June,  1900.  The  vapour- pressures  of  water  below  the  freezing' 
point  are  often  calculated  from  Regnault's  formula  for  the  latent  heat,  which  appears- 
{loc,  cit.)  to  be  inaccurate. 
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mre  theory.  The  curve  so  obtained  depends  on  the  density  of  the  solution, 
is  different  for  different  substances.  If  the  depression  of  the  freezing- 
b  for  solutions  of  cane-sugar  were  proportional  to  the  number  of  gramme- 
cules  per  litre,  we  should  obtain  the  curve  marked  I  in  fig.  7,  which 
tirates  the  danger  of  pushing  an  attractive  analogy  too  far.  The  depression 
dated  on  the  gas-pressure  theory  would  be  3^*72  for  a  solution  containing 
amme-molecules  of  sugar  per  litre,  as  against  6^*6  if  the  depression  is 


T i w — -» -m n TT 

Fio.  7. — Depression  of  the  Freezing-point  in  Aqueous  Solutions. 

ortional  to  n/N.  Experiment  gives  9°'15,  according  to  Jones  and  Getman. 
gas-pressure  theory  is  inconvenient,  becaiise  it  involves  considerations  of 
ity,  and  it  fails  to  represent  the  observations  satisfactorily,  even  for 
c  solutions,  because  it  gives  in  many  cases  so  bad  an  approximation  to 
vapour-pressure  curve. 

le  crosses  marked  S,  representing  the  observations  on  the  depression  of 
freezing-point  for  cane-sugar,  agi*ee  very  well  with  the  curve  marked 
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a  =  5,m  in  the  case  of  the  osmotic  preasure*  Thus  the  observed  depreadon 
at  n  =  6-41  is  ^  =  -9^-16*  The  calculated  value  for  a  =  5  is  ^  -  -WO. 
Van't  Hoffs  rule  gives  t  =  —  6*^60,  For  a  =  0  the  depresBion  wotild  h 
I  =  —6^2,  The  depressions  recorded  in  Landolt  and  Bornstein's  tables  tm 
methyl  and  ethyl  alcohols^  marked  A  in  fig,  7a,  agree  v^ery  well  with  the  curre 
marked  a  =  1,  up  Ui  ?*  =  20  molecules  per  100  of  solvent.  One  observatmn 
for  ethyl  aleohol  In  fig.  7b,  at  n  =  33'7,  lies  entirely  off  the  ctir\'e. 

[Note  midfd  April  13,  1908. — Guthrie's  observatioua*  on  the  freezing  d 
alcohol  solutions  appear  to  indicate  that  a  hydrate  may  separate  in  place  ii 
pure  ice  when  n  =  20,  giving  rise  to  a  discontinuity  in  the  F.  P*  ciuvii 
Analysis  of  his  observations  down  to  —65*^  C,  indicate**  a  third  bmnch 
extending  from  n  =  42  to  n  =  90,  but  the  temperatures  in  this  Tcgion  m 
probably  not  very  accurate.  The  ice  branch,  giving  «  =  1,  can  be  traced  ii 
far  as  ^  =  25^  in  the  ab^nce  of  the  first  hydrate.] 

The  values  for  glycerine  (G)  agree  with  the  curve  marked  a  —  %    Tbl  i 
freezing -points  for  acetone  (Ac)  and  formic  acid  (F)  lie  below  the  curve  a  =  fl» 
in  a  manner  which  su^eata  that  the  dissolved  molecules  associate  with  eacb 
other  in  solution  according  to  a  simUar  law,  as  the  points  representing  tb 
observations  lie  very  symmetrically  on  either  side  of  the  cunre  marked  a  =  —I 

Application  to  Electrolytes, 

16.  In  applying  the  theory  to  electrolytic  solutions,  we  are  met  by  the 
difficulty  that  the  molecules  are  dissociated  to  a  variable  extent  depending  on 
the  dilution.    The  degree  of  dissociation  is  usually  inferred  from  the  ratio  of 
the  molecular  electric  conductivity  of  the  solution  to  that  at  infinite  dilu- 
tion.   It  is  very  doubtful  what  this  ratio  really  represents  in  the  case  of 
strongly  dissociated  electrolytes,  as  the  free  ions  are  so  numerous  that  they 
must  interfere  very  greatly  with  each  others'  movements.     It  is  possible  that 
the  dissociation  is  really  much  greater  than  that  calculated  in  this  manner, 
but  the  ratio  may  nevertheless   represent   the    effective    number  of   free 
molecules    from    the  point   of   view   of  depression   of   the    freezing-point 
.as  well  as  from  the  point  of  view  of  electric  conductivity.    Adopting  this 
hypothesis,  if  n"  =  (1  +  ^7A:o)  n  is  the  effective  number  of  molecules,  where  ik/2^ 
is  the  ratio  of  k,  the  molecular  conductivity  of  the  solution,  to  its  limiting  value 
ka  when  n  =  0,  for  a  binary  electrolyte,  the  required  value  of  the  vapour-pressuie 
ratio  {jp*  —p")lp'^  should  be  n'^KN-^an").     The  corresponding  depression  i  is 

♦  F.  Guthrie,  *Phy8.  Soc.  Proc,'  voL  1,  p.  63,  1874. 
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taken  from  the  vapour-pressure  curve  a  =  0  and  plotted  against  n.  The 
results  for  HCl  so  far  as  they  go,  up  to  a  depression  of  29*,  agree  very  well 
with  this  hypothesis,  taking  a  =  5.  They  are  plotted  in  the  small  scale 
diagram  (fig.  7b),  and  the  values  of  n  are  doubled  to  make  the  initial  slope 
agree  with  the  curve  a  =  0.  Thus  the  observed  depression  t  =  28°*8  corre- 
sponds with  an  actual  strength  72/iV=  8:39/100>  but  is  plotted  against 
2n  =  16*78.     The  curve  would  otherwise  be  too  steep. 

The  observations  of  Roozeboom*  for  CaClj,  treated  in  a  similar  manner, 
allowing  for  the  fact  that  it  dissociates  into  three  ions,  agree  very  well  with 
a  ^  9.  To  avoid  confusion  the  curve  is  plotted  against  10?i.  Thus  the 
observed  depression  <  =  —  20°,  corresponding  to  n/iV=  4*37/100,  is  plotted 
against  43*7.  The  two  highest  points,  at  ^  =  40°  and  55°,  lie  somewhat  off 
the  curve,  but  accurate  observations  here  would  be  very  difficult,  and  the 
ionisation  is  uncertain.  At  t  =  —55°,  n  =  6*92,  and  n"  =  9*80,  Van't  Hoflf's 
rule,  indicated  by  the  curve  marked  Ca  Ions,  would  give  a  depression  of  only 
10*^.  The  present  rule  gives  t  =  —61°,  which  is  more  nearly  of  the  right 
^rder  of  magnitude,  and  illustrates  the  great  influence  of  the  hydration 
Factor  a.  CaCla  is  known  to  form  hydrates  containing  a  large  number  of  water 
molecules.  The  usual  hydrate  contains  six  molecules.  It  is  quite  likely  that 
it  would  take  to  itself  three  others  in  solution.  The  osmotic  pressure  at 
—61°  according  to  the  formula  (10),  would  be  about  600  atmospheres. 
Taking  (p' ^p") /p'^  =  n"/{N—an'^)  the  osmotic  pressure  woulfl  be  infinite 
when  n''  =  11*1,  or  an"  =  100.  The  solution  would  avoid  this  difficulty  by 
crystallising,  or  by  a  change  in  the  value  of  a.  It  is  probable  that  mixtures 
of  molecular  complexes  corresponding  to  diflferent  values  of  a  may  occur  in 
very  strong  solutions. 

The  observations  (Mg),  fig.  7a,  on  the  depression  of  the  freezing-point  of 
solutions  of  MgCla,given  in  Landolt's  tables,  do  not  extend  beyond  ^  =  — 13°'61, 
but  so  far  as  they  go  they  indicate  a  value  a  =  12  for  the  number  of 
H/)  molecules  in  each  complex.  Owing  to  the  steepness  of  the  curve,  the 
observed  depressions  are  plotted  against  the  values  of  n  doubled. 

The  curve  (K)  for  KCl,  which  is  of  quite  a  different  character,  agrees  very 
ireU  with  the  d^;ree  of  ionisation  deduced  from  the  electric  conductivity,  on 
ibe  hypothesis  that  each  of  the  n'^  molecules  takes  one  molecule  of  water. 
rhe  curve  for  NaCl  would  coincide  very  closely  with  that  for  KCl  if  each 
aolecule  of  NaCl  took  two  molecules  of  H3O,  but  the  observations  for 
TaCldo  not  appear  to  extend  beyond  n  =  1*8.  In  plotting  these  obserrations 
,  is  not  doubled  and  the  initial  slope  is  2066  owing  to  the  ionisation. 

♦  *Zeit.  Phys.  Chem.,'  voL  4,  p.  42,  1889. 
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Fio.  8. — Rise  of  tbe  Boiling -paint  in  Aqueoua  Solutions' 

plotted  in  the  diagram,  tig,  8.  The  curve  ^  =  0  gives  the  relation  between 
the  vapour-pressure  latio  (i''-*p")/j^"  ^'^^^  tlia  rise  of  temperature  t  above 
the  boiling-point.  The  straight  line  /  =  0'288  n  oorre spends  to  Yan't  HoflTs 
ebullioscopic  constant,  the  error  of  which  is  about  8  per  cent,  at  ?i  =  10. 
The  observations  (S)  on  the  rise  of  the  boiling-point  for  solutions  of  cane- 


♦  L,  Kahlenbet^g,  *  Journ,  Phya,  C%em*/  vol  Ji,  p,  362,  190L 
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sugar  agree  very  fairly  with  the  curve  a  =  5  up  to  a  concentration  of 
between  5  and -6  molecules  of  sugar  to  100  of  H3O,  which  is  about  the  limit 
of  good  agreement  in  fig.  5.  It  is  perhaps  remarkable  that  the  number  of 
HjO  molecules  to  one  of  sugar  should  apparently  be  the  same  at  100°  C.  as  at 
0°  C.  Beyond  this  point,  as  in  fig.  5,  the  degree  of  hydration  a  appears  to 
diminish,  being  about  4  on  the  average  at  w  =  9,  and  3  at  n  =  15.  This  is 
perhaps  to  be  expected,  as  the  mass  of  the  sugar  at  n  =  15  is  about  three 
times  the  mass  of  the  water  present,  and  the  osmotic  pressure,  when  the 
rise  of  the  boiling-point  is  6°*7,  is  about  405  atmospheres. 

No  data  appear  to  exist  for  the  dissociation  of  electrolytes  at  or  above  100°  C. 
It  is  probable,  however,  that  the  dissociation  does  not  change  very  greatly 
with  temperature.  The  enormous  increase  in  the  conductivity  of  electrolytes 
with  rise  of  temperature  is  to  be  explained  chiefly  by  diminution  of  viscosity. 
Taking  Kahlenberg's  data  for  the  dissociation  of  KCl  and  NaCl  at  95^  C, 
the  observations  (K)  on  the  elevation  of  the  B.P.  for  solutions  of  KCl  agree 
very  well  with  the  vapour-pressure  theory,  if  a  =  4,  so  far  as  the  data  for  the 
dissociation  extend,  namely  up  to  ?i  =  6*5.  Beyond  this  point  there  is  one 
observation  at  71  =  11*82,  t  =  7*60,  which  appears  to  lie  nearly  on  a  continua- 
tion of  the  same  curve.  The  observations  for  NaCl  (Na)  agree  very  well 
with  the  curve  a  =  6,  up  to  71  =  6.  The  highest  point,  at  71  =  9*63,  lies 
below  the  cur\'e.  The  discrepancy  may  be  due  to  errors  of  observation,  or 
may  indicate  a  systematic  divergence.  The  agreement  is  much  better  than 
would  be  expected  considering  the  difficulty  of  the  observations,  and  the 
uncertainty  of  the  dissociation  data.  It  is  noteworthy  that  both  KCl  and 
NaCl  appiear  to  annex  many  more  molecules  of  H2O  at  100°  C.  than  at  0°  C. 
The  dissociation  data  for  the  other  electrolytes  examined  by  Kahlenberg  do 
not  extend  sufficiently  far  to  be  applicable. 

Hffect  of  the  Heat  of  Dilution. 

18.  It  is  important  to  enquire  how  far  the  simple  and  convenient  assump- 
tion made  with  regard  to  the  dependence  of  vapour-pressure  of  a  solution  on 
its  concentration  is  consistent  with  thermodynamical  principles.  The 
variation  of  the  vapour-pressure  of  a  solution  with  temperature  is  readily 
obtained  by  the  circuit  method  in  terms  of  the  latent  heat  of  vaporisation. 
What  we  require  in  the  present  case  is  the  variation  of  the  ratio  p'jp"  of 
the  vapour-pressures  of  solvent  and  solution.  This  is  immediately  given  by 
a  circuit  similar  to  fig.  6  in  which  the  branch  AB  representing  ice  is 
replaced  by  solution.  Since  the  vapour-pressures  of  solution  and  solvent  are 
not  the  same  at  0o,  we  must  insert  an  additional  motor  in  the  branch  AC. 
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If  double  dashes,  as  usual,  refer  to  the  Bolutioo,  and  dngle  dasher  to  the 
solvent,  we  thus  obtttiti  the  equations, 

(L"-L')-(Lo"-U')  =  ('(s'-B")dtf.  (29) 

(L"-L')/5-(Lo-V)M  =  f(&'-3")dtf/^H-rvdp/^^rVdp/5«.    (30) 

Since  L"— L'  =  Q  (§  11),  the  heat  evolved  on  dilutiou  per  unit  mass  of 
solvent  added,  the  first  equation  gives  the  variation  of  the  heat  of  dilution 
with  tampciltiure  in  terms  of  the  difference  of  the  specific  heats  of  the  pure 
solvent  /^  and  of  the  solvent  in  solution,  which  is  represented  by  *". 
Writing  q  ^  dQjdd  as  an  abbi^eviation  for  s'—&*\  we  obtain  the  required 
equation  of  vapoui-preHsure  in  terms  of  Q  aod  j, 

(B/m)(log,(p7p")-Iog.(po7Po"))  =  -Qot/5^.  +  i  j'qd^-j'qdfl/^, 

(31) 
where  Q^  is  the  latent  heat  of  dilution  at  6^ 

We  observe  immediately  that  the  ratio  pfp''  cannot  be  constant  unless  Q 
is  zero*  This  is  a  well-known  result,  and  is  approximately  true  for  solutions 
of  many  substances.  For  such  substances  it  is  perfectly  justifiable  to  employ 
the  vapour-pressure  relation  (;>'—/'")//>''  =  nf{N^an),  and  it  is  highly 
probable  that  the  hydration  factor  a  will  not  vary  greatly  with  temperature  or 
with  concentration,  as  we  have  seen  to  be  the  case  with  solutions  of  cane-sugar. 

If  Q  is  not  zero,  equation  (31)  gives  a  condition  which  must  be  satisfied 
by  corresponding  variations  of  a  or  n.  In  many  solutions  the  number  of 
effective  molecules  n"  varies  continuously  with  temperature  according  to 
the  degree  of  association  or  dissociation  of  the  molecules  of  the  solute.  The 
factor  a  may  also  vary,  but  it  appears  in  general  to  have  a  simple  integral 
value  which  remains  constant  for  considerable  ranges  of  concentration  and 
temperature,  as  we  have  seen  in  the  case  of  electrolytes. 

Equation  (31),  like  the  analogous  equation  for  the  ratio  of  the  vapour- 
pressures  of  ice  and  water,  may  take  a  variety  of  forms  according  to  the 
mode  in  which  Q  varies  with  temperature.  If  Q  is  constant,  or  ^  =  0,  the 
equation  reduces  to  a  form  similar  to  that  commonly  employed  by  physical 
chemists  for  deducing  heats  of  solution  from  observations  of  solubility, 
or  vice  versd.  The  two  cases  are  evidently  very  closely  analogous,  and  the 
solubility  equation  may  be  deduced  by  the  circuit  method  in  a  precisely 
similar  way.  Substituting  for  the  vapour-pressure  in  terms  of  the  osmotic 
pressure  from  equation  (10),  we  obtain  in  this  case  for  the  variation  of  the 
osmotic  pressure  with  temperature, 

PU/^-PoUo/^o  =  -Qot/^^o. 
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The  osmotic  pressure  will  not  be  proportional  to  the  absolute  temperature 
it  Q  =  0,  unless  U  is  also  constant  But  the  proportionality  may  hold  even 
if  Q  is  not  zero,  provided  that  U  varies  in  a  suitable  manner. 

If  y  is  not  zero,  we  obtain  solutions  like  (IV),  (V),  and  (VI)  for  the  vapour- 
pressures  of  ice  and  water,  by  making  corresponding  assumptions  for  q, 
and  the  form  of  the  solution  may  vary  widely  from  that  usually  assumed. 
Another  case  of  special  simplicity  is  that  in  which  Q  varies  as  0,  or 
q  =  Qo/Oof  which  gives 

loge(p7P")-loge(po7Po")  =  "(mq/E)  log.  (^/^o), 

in  which  case  the  ratio  of  the  vapour-pressures  varies  inversely  as  0'^^^, 

We  may  further  observe  that  if  Q  is  constant,  PU  is  a  linear  function  of 
0,  though  not  proportional  to  0,  thus, 

PU  =  PoUo  +  (PoUo-Qo)t/^o. 

and  that  if  q  =  2Qo^/^o^  as  in  equation  (VI)  for  the  vapour-pressures  of  ice 
and  water,  PU  is  a  quadratic  function  of  t,  namely, 

PU  =  PoUo-f  (PoUo-Qi)^/^o-Qo(t/5o)'. 

It  is  useful  to  remember  the  physical  meaning  of  the  coefficients  in  these 
expressions,  which  might  naturally  be  applied  to  represent  the  variation 
of  the  osmotic  pressure  with  temperature.  It  also  follows  from  the  first 
expression  that  if  Q  is  constant  and  equal  to  PoU©,  the  product  PU  will  be 
independent  of  the  temperature,  to  the  degree  of  approximation  represented 
by  equation  (10). 

Heat  of  Dilution  and  lonisaiion  of  HCL 

19.  As  an  example  of  the  order  of  magnitude  of  the  effects  to  be 
expected,  we  may  take  the  case  of  solutions  of  HCl,  for  which  the 
heat  of  dilution  is  one  of  the  largest  known.  The  quantities  actually 
observed  in  a  calorimetric  experiment  are  the  integral  heats  of  solution  and 
dilution  obtained  by  making  a  solution  of  known  composition  and  diluting 
with  finite  quantities  of  solvent,  involving  considerable  changes  in  the 
concentration.  The  heat  of  dilution  Q  for  an  infinitesimal  change,  required 
in  equation  (31),  may  be  deduced  from  the  calorimetric  observations  as 
follows.  By  plotting  the  quantities  of  heat  liberated  when  1  gramme- 
molecule  of  solute  is  dissolved  in  X  gramme-molecules  of  solvent  (which  is  the 
way  in  which  the  observations  are  generally  recorded)  against  the  concen- 
tration C"  in  grammes  of  solute  per  gramme  of  solvent,  or  against  njN  for 
the  resulting  solution,  we  obtain  the  total  heat  of  formation  of  the  solution 
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Q^fn  per  gramme -molecule  of  solute  as  a  functioG  of  the  concentratiou  C" 
or  n/K     In  the  ease  of  HCl  the  curve  is  very  nearly  a  straight  Kec,* 

Q'/n  =  17,340- 5920  C"  =  1V,340- 12,000  n/N.  (32) 

The  heat  of  solution  at  coneentratiou  ufM^  or  the  heat  evolved  on  addiog 
a  email  quantity  d7i  to  a  large  mass  of  solution  per  gramme-molecule  added, 
is  represented  by  dQ'fdn,  and  is  given  by  the  equation, 

Q'^  =  dQ/dn  =  17,340 - 24,000  n/K  (33) 

The  heat  of  dilution  at  concentration  ?;/JV^,  or  the  heat  evolved  on  adding 
tt  small  quantity  of  solvent  dN  to  a  larj^  mass  of  solution  per  p-amine- 
inolecide  added,  is  represented  by  Q  =  dQ'/dN',  and  is  given  by  the  equation, 

Q  =  tlQVdN  =  +12,000  (n/N/.  (34) 

If  n  molecules  of  solute  aie  lulded  to  a  large  quantity  of  solution  of 
concentration  nfA\  the  heat  evolved  is  ft(/\  If  ^V  molecules  of  solvent  are 
added,  the  heat  evolved  is  JilQ.  The  sum  of  these  two  operations  must  be 
equal  to  the  heat  of  formation  Q*  ot  a  quantity  of  solution  eont-aining  n 
molecules  of  solute  to  M  of  solvent.  In  other  words,  wa  have  the  relation 
NQ^n(^*  =  Q,  which  is  evidently  satisfied* 

The  heat  of  dilution  Q,  which  is  the  quantity  with  which  we  are  imnie* 
diately  concerned,  is  very  Im-ge  in  the  case  of  HOI.  but  is  given  by  a  very 
simple  expression.  In  other  cases,  e.g.y  H2SO4,  the  curve  is  less  simple,  but 
may  generally  be  represented  as  consisting  of  straight  lines,  which  probably 
correspond  to  the  formation  of  different  hydi-ates  or  ions. 

In  the  case  of  HCl,  the  depression  of  the  freezing-point  is  approximately 
40°  for  a  solution  for  which  n  =  10  and  A"=  100.  By  equation  (34)  the 
heat  evolved  is  120  calories  when  1  gramme-molecule  of  water  is  added  to 
a  large  quantity  of  solution  of  this  concentration.  The  heat  evolved  per 
gramme  of  water  added,  which  is  denoted  by  Q  in  equation  (31)  (deduced 
by  taking  unit  mass  of  solvent  round  the  circuit),  is  6*67  calories.  We  see 
that,  even  in  this  very  extreme  case,  the  heat  of  dilution  is  a  comparatively 
small  fraction  of  the  latent  heat  of  fusion,  namely,  79*5  calories,  and  will 
not  greatly  influence  the  curve  of  vapour-pressure.  For  dilute  solutions, 
the  effect  will  in  any  case  be  practically  negligible,  since  it  varies  as  the 
square  of  the  concentration. 

Since  evolution  of  heat  in  any  case  is  mainly  connected  with  combination 
or  dissociation  of  molecules,  it  is  not  at  all  unlikely  that  the  heat  of 
dilution  may  be  accounted  for  in  the  majority  of  cases  by  the  change  in  the 

♦  The  observations  appear  to  have  been  smoothed  to  agree  with  Thomsen's  hyperbolic 
formula,  which  inverts  into  the  straight  line  above  given. 
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effective  number  of  molecules  n"  in  .  the  vapour-pressure  formula.  This 
would  account  to  a  great  extent  for  the  surprisingly  good  agreement  obtained 
in  the  case  of  electrolytes  on  the  assumption  a  =  constant.  It  may  be 
remarked  that  the  agreement  obtained  in  any  case  depends  greatly  on  taking 
values  of  the  ionisation  as  near  the  required  temperature  as  possible.  As 
might  naturally  be  expected,  the  agreement  of  the  observations  at  100°  C. 
is  greatly  impaired  if  values  of  the  ionisation  at  18°  C.  are  taken.  On  the 
other  hand,  the  agreement  of  the  observations  on  the  depression  of  the 
freezing-point  is  considerably  improved,  especially  for  dilute  solutions,  if 
values  of  the  ionisation  at  0°  C.  are  employed  in  place  of  the  values  at  18°  C. 
Values  of  the  ionisation  at  18°  C.  were  at  first  employed  in  constructing  the 
diagram,  fig.  7,  as  being  the  more  accurate,  and  more  readily  accessible. 
It  did  not  appear  to  be  worth  while  to  redraw  the  curves  employing  the 
data  for  the  ionisation  at  0°  C.  when  accessible,  because  the  data  were 
incomplete,  and  because  the  general  conclusions  remained  unaltered. 
Although  the  agreement  with  theory  was  in  many  cases  greatly  improved, 
the  uncertainty  of  the  result  for  large  values  of  the  depression  still  remained. 
The  relation  of  the  heat  of  dilution  to  the  heat  of  ionisation  and  hydra- 
tion is  a  most  important  and  interesting  question,  but  the  data  do  not 
appear  to  be  sufficiently  complete,  and  it  would  be  better  to  postpone  the 
discussion  of  tliis  point. 

Ofi  the  Hydrate  Themy  of  Solution. 

20.  The  theory  of  vapour-pressure  and  osmotic  pressure  outlined  in  this 
paper  appears  to  afford  the  most  direct  method  hitherto  proposed  of 
calculating  the  composition  of  definite  molecular  compounds,  analogous  to 
hydrates,  occurring  in  solutions.  The  hypothesis  apparently  permits  the 
extension,  in  a  slightly  modified  form,  to  strong  solutions  of  general 
principles  which  have  hitherto  been  applicable  only  to  dilute  solutions.  The 
existence  of  hydrates  in  solution  has  often  been  maintained,  and  has  been 
supported  by  much  indirect  experimental  evidence,  but  the  theory  has  usually 
been  stated  in  a  manner  which  was  open  to  serious  objection.  The  essential 
point  of  a  hydrate  theory  (as  opposed  to  a  diffusion-,  or  solution-pressure-, 
or  gas-pressure-,  or  variable-aggregation  theory)  is  the  formation  of  definite 
hydrates  according  to  the  fundamental  law  of  chemical  combination.  The 
difficulty  of  such  a  theory  has  been  to  determine  the  value  of  the  hydration 
factor  a,  and  to  show  that  it  was  constant  within  certain  limits,  and  equal  to 
a  simple  integer.  I  have  endeavoured  to  indicate  how  this  may  be  deter- 
mined, and  I  think  I  may  fairly  claim  to  have  made  out  a  good  jn^ma  facie 
case  for  a  modified  form  of  the  hydrate  theory. 
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The  problem  hag  recently  been  attacked  by  H.  C.  Jones  and  his  asaiatanta 
at  Johns  Hopkins  University,  from  a  study  of  the  depre^ion  of  the  freezing* 
points  of  strong  solutions.  They  have  accumulated  a  great  deal  of 
material,  but  I  cannot  agree  with  their  intei-pretation  of  the  results.  Their 
experimental  data  appear  to  agree  fairly  in  most  case^  with  the  vapour- 
pressura  theory  here  given,  but  there  are  a  few  notable  exceptions.  The 
observed  depressions  of  the  freezing-pointjor  glycerol,  C3H5(OH)8,  given  by 
Jones  and  Get  man*  are  from  three  to  four  times  as  large  as  those  given  by 
Abeggjf  and  cannot  be  fitted  by  any  value  of  a.  The  data  given  by  Jones 
and  BassettJ  for  CaC^U  differ  considerably  from  those  of  Roozebooni,5  and  do 
not  agree  at  all  well  with  the  curve  in  tig.  7b,  ||  The  authors  have  worked  out 
their  results  on  the  assumption  of  a  constant  value  for  the  th«or«tical 
molecular  lowering  of  the  freezing-point,  and  have  obtained  widely  varying 
values  of  the  degree  of  hydration,  <:.^„  from  140  molecules  to  12  in  the  case  of 
glyceiine,  and  30  to  13  for  CaClf.  Their  final  conclusions,  which  are 
diametrically  opposed  to  the  theory  given  in  the  present  paper,  are  best 
stated  in  their  ov^n  words  : 

Qiio(t:tt*fin  from  Jone$  and  Boiseit.^l 

**  TAs  Old  and  the  AVic  li^ilraU  Thmr^* — TUu  theory  of  hydimten  iu  aqueoua  Mohitlans 
tluit  we  belie V(5  to  hiive  catabHi^tied  by  the  wor'k,  of  which  this  is  only  a  chapter,  is  tt>  be 
shtttply  diijtinguUhed  from  the  old  hydrate  theory  of  Mendel tefl,  which,  having  long 
since  been  shown  to  be  untenable,  has  been  abandoned.  According  to  the  older  theory, 
when  a  substance,  like  calcium  chloride,  is  dissolved  in  water,  there  are  formed  certain 
definite  chemical  compounds,  with  perfectly  definite  amounts  of  water. 

"According  to  the  theory  established  by  this  work,  the  compounds  formed  are,  at 
best,  very  unstable  and  vary  in  combination  all  the  way  from  1  molecule  of  water  to  a 
very  great  number.  The  composition  of  the  hydrate  formed  by  any  given  substance  is 
purely  a  function  of  the  concentration  of  the  solution,  or  is  determined,  as  we  say,  by  the 
effect  of  mass  action.  Thus  the  composition  of  the  hydrates  formed  by  calcium  chloride 
may  vary  all  the  way  from  a  few  molecules  of  water  up  to  at  least  30  molecules,  and  may 
have  all  intermediate  compositions,  depending  solely  upon  the  concentration,  temperature 
being,  of  course,  understood  to  be  constant. 

"  It  is  thus  obvious  that  the  older  and  the  newer  hydrate  theories  are  fundamentaUy 
different  in  character." 

Among  recent  evidence   for  the   existence  of  hydrates  in  solution,  the 

*  *  Amer.  Chem.  Jouro.,'  vol.  32,  p.  320,  1904. 

t  *Zeit.  Phys.  Chem.,'  vol.  15,  p.  217,  1894. 

X  *  Amer.  Chem.  Journ ,'  vol.  33,  p.  546,  1905. 

§  *Zeit.  Phys.  Chem.,'  vol.  4,  p.  42,  1889. 

II  Footnote  added  April  12,  1908.— One  of  my  students,  Mr.  W.  F.  Higgins,  working 
under  Mr.  S.  W.  J.  Smith's  direction,  has  verified  the  F.  P.  depressions  in  the  caae  of 
glycerine  and  calcium  chloride.  His  results  agree  with  those  of  Abegg  and  Roozeboom 
respectively. 

II  *  Amer.  Chem.  Journ.,'  vol.  33,  p.  684,  1905. 
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experiments  of  Caldwell  on  the  hydrolysis  of  sugar  may  be  cited.*  He 
attributes  the  accelerating  influence  of  concentration  to  the  hydration  of  the 
sugar  molecules,  though  the  degree  of  hydration  cannot  be  calculated, 
because  the  rate  of  change  may  be  afifected  by  so  many  other  factors. 
Similarly  the  degrees  of  hydration  of  various  salts  are  estimated  by 
observing  the  dilution  required  to  reduce  the  constant  K  to  its  normal 
value.  The  values  thus  obtained  appear  somewhat  high,  because  the  possible 
effects  of  ionisation  are  expressly  ignored.  Whether  ions  are  charged  atoms, 
or  whether  they  are  merely  unstable  hydrates,  it  seems  impossible  to  ignore 
their  existence.  Taking  account  of  the  ionisation  factor,  which  is  nearly  2 
in  a  solution  containing  1  gramme-molecule  per  litre,  the  water  abstracted 
by  the  calcium  chloride  should  be  18  gramme-molecules,  according  to  the 
freezing-point  depression,  a  result  which  does  not  differ  greatly  from 
Caldwell's  estimate  of  22  molecules.  The  residual  difference  in  this  and  other 
cases  may  well  be  due  to  some  accelerating  influence  of  the  ions  as  such, 
which  could  not  be  estimated  satisfactorily  unless  allowance  were  made  for 
the  concentrating  influence  of  hydration. 

[Note  added  March  17,  1908. — Similar  results  for  the  degree  of  hydration 
have  been  deduced  by  J.  C.  Philipf  from  measurements  of  the  solubility  of 
oxygen  and  hydrogen  in  various  solutions.  The  degree  of  hydration  found 
for  cane-sugar  from  Steiner's  observations  on  the  solubility  of  hydrogen  was 
from  5*5  to  6*5  molecules  of  water  to  each  molecule  of  sugar,  which  agrees  as 
nearly  as  could  be  expected  with  the  vapour-pressure  theory.  For  salts,  not 
allowing  for  ionisation,  the  values  obtained  for  a  are  higher  and  more 
variable  than  those  given  by  the  vapour-pressure  theory,  e,g.,  KCl  7  to  11, 
H2SO4  8  to  12,  CaCla  average  21,  etc.  These  values  may  indicate  a  specific 
effect  of  the  solute,  apart  from  mere  hydration.  Oxygen  seems  to  give 
different  results  from  hydrogen,  e,g.,  NaCl  average  a  =  11  from  hydmgen, 
a  =  14*7  from  oxygen.  The  method  does  not  appear  to  succeed  so  well 
with  more  soluble  gases  or  other  indifferent  substances.  It  is  less  simple 
and  direct  than  the  vapour-pressure  method,  and  the  effect  observed  is  likely 
to  be  more  complex. 

A  large  number  of  data  exist  for  the  relative  lowering  {p'  —p")/p'  derived 
from  direct  measurements  of  the  vapour-pressure,  especially  in  the  case  of 
salt  solutions.  Very  few  of  these  are  available  for  deducing  the  degree  of 
hydration,  either  because  the  ionisation  data  are  deficient,  or  because  the 
direct  measurements  of  small  vapour-pressures  are  necessarily  somewhat 

♦  *  Roy.  Soc.  Proc.,'  A,  vol.  78,  p.  272. 

t  *  Faraday  Soc.  Trans.,'  vol.  3,  p.  140,  1907. 
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inexact.    Butj  so  far  aa  they  go,  they  appear  to  be  in  fair  agreement  with 

the  vapour-pi^ssure  theory.] 

General  tSummari/  of  Conclmi4>7is. 

21,  Thi^  foundation  of  the  vapour-pressure  theory  of  sohitions  here  laid 
down  is  the  assumption  of  a  simple  relation  between  the  vapour-preesure 
and  the  molecular  constitution  of  the  aolution.  That  there  should  be  a 
pflimple  relation  of  this  idnd  apjieara  extremely  probable  when  we  consider 
that  the  conCTBti^ation  of  the  vapour  phase  in  the  solutions  here  examined  is 
very  email,  and  that  such  relations  generally  take  a  very  simple  form  at 
extreme  dilution.  That  mich  a  relation  ehould  serve  as  a  key  to  many  of  the 
phenomena  occnrring  in  solutions  ib  not  surprising  in  view  of  the  fact  that 
equality  of  vapour-pressui^e  is  one  of  the  most  general  conditions  of  equilibrium 
in  physical  chemistry.  The  relation  of  this  assumption  tu  the  gas-pressure 
theory,  or  the  hydrate  theory,  or  the  capillary-pressure  theory,  as  already 
indicated,  is  that  it  involves  them  all,  since  they  may  be  regarded  as  merely 
diffei^nt  aspects  of  the  same  phenomena.  An  equivalent  aasumption  may  be 
formulated,  at  least  approximately,  in  terms  of  partial  pressure,  or  capillary 
pressure,  or  chemical  attraction,  but  it  would  merely  be  putting  the  same 
thing  in  different  words.  The  vapour-presBure  method  appears  to  be  the 
most  direct  line  of  attacking  the  problem.  If,  for  itistance,  we  mgard  the 
changes  of  capillary  pressure  in  relation  to  vapour-pressure  as  defined  by 
the  relation  U  dP  =  v  dp,  we  should  arrive  at  nearly  the  same  result  by 
similar  approximations.  But  this  method  does  not  appear  to  be  so  con- 
venient, because  it  involves  the  volume  U,  which  is  generally  unknown  and 
variable  in  an  uncertain  manner,  whereas  the  volume  of  the  vapour  v  at 
low  pressures  may  be  regarded  as  conforming  very  closely  with  the  laws  of 


There  is  no  doubt  that  further  experimental  work  may  be  required  to 
establish  the  vapour-pressure  theory  generally,  since  accurate  data  for  strong 
solutions  are  comparatively  scarce.  The  interpretation  of  the  ionisation 
factor,  and  its  relation  to  the  heat  of  dilution,  requires  further  elucidation. 
Analysis  of  nearly  all  the  data  at  present  available,  in  addition  to  the 
examples  above  cited,  fails  to  show  any  serious  disagreement  with  the 
vapour-pressure  theory.  The  theory  cannot  pretend  to  be  exact  for  all 
ranges  of  temperature  and  concentration,  but  it  seems  likely  to  serve,  at 
least  as  a  second  approximation,  for  co-ordinating  results  which  have  hitherto 
appeared  discordant. 
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Secondary  jS-rays. 

By  J.  A.  McClelland,  M^.,  D.Sc.,  Professor  of  Experimental  Physics, 
University  College,  Dublin. 

(Communicated  by  Professor  J.  Joly,  F.R.S.     Beceived  and  read  March  19,  1908.) 

In  various  papers*  published  during  the  last  three  years  I  have  given  an 
account  of  work  dealing  with  the  emission  of  secondary  )8-rays  by  substances 
when  exposed  to  the  )8-rays  from  radium.  The  present  paper  deals  with 
some  further  points  of  importance  connected  with  the  same  subject. 

It  is  not  necessary  to  summarise  with  any  detail  the  results  discussed  in 
previous  papers,  but  the  following  facts  may  be  briefly  mentioned.  In  these 
papers  no  steps  were  taken  to  separate  the  effects  due  to  the  primary  fi 
radium  rays  from  those  produced  by  the  7-rays  that  accompanied  them ;  it 
was  sufficiently  clear  from  a  few  preliminary  experiments  that  the  secondary 
effects  due  to  the  7-rays  were  very  small  compared  with  those  produced  by 
the  )8-ray8.  As  this  point  has  been  referred  to  by  other  workersf  when 
discussing  the  results,  and  as  much  as  20  per  cent,  of  the  total  secondary 
taken  as  possibly  consisting  of  secondary  7-ray8  or  secondary  )8-rays  due  to  the 
7-rays,  I  have  made  some  further  experiments  on  the  subject. 

In  the  first  place,  the  fraction  of  the  total  secondary  due  to  the  incident 
7-ray8  was  determined  by  using  a  magnetic  field  to  deflect  the  incident 
)8-ray8.  With  the  strongest  field  used  the  total  secondary  radiation  was  cut 
down  to  about  4  per  cent,  of  its  value  when  the  field  was  off.  This  experi- 
ment was  carried  out  with  the  secondary  radiation  from  lead  and  also  from 
aluminium.  The  composition  of  the  secondary  radiation  was  then  tested  by 
using  the  magnetic  field  to  deflect  it,  and  it  was  found  to  consist  almost 
entirely  of  )8-rays.  In  both  these  types  of  experiments  the  pencil  of  rays 
used  and  the  measuring  apparatus  employed  were  taken  quite  similar  to  what 
had  been  used  in  the  previous  work,  so  that  the  results  I  have  published  in 
previous  papers  may  be  taken  as  applying  to  secondary  rays,  more  than  99 
per  cent,  of  which  are  )8-rays,  and  of  which  96  per  cent,  are  produced  by  the 

*  *  Phil.  Mag.,'  February,  1905. 
'  Royal  Dublin  Society's  Trans.' — 

"Secondary  Radiation,"  March,  1905. 

"Secondary  Riuliation  (Part  II)  and  Atomic  Structure,"  May,  1905. 

"  The  Energy  of  Secondary  Radiation,"  February,  1906. 

"  Secondary  Radiation  from  Compounds  "  (with  Mr.  Hackett),  April,  1906. 

"The  Absorption  of  fi  Radium  Rays  by  Matter"  (with  Mr.  Hackett^  March,  1907. 
t  Kleeman,  *  Phil.  Mag.,'  November,  1907. 
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incident  ff  radium  rays.     The  same  holds  for  the  further  results  discussed  in 
this  paper. 

As  described  in  the  previous  papers,  the  relative  intensity  of  the  secondary 
radiation  has  heen  measured  under  exactly  similar  conditions  for  a  laip?  number 
of  el  Laments,  and  found  to  depend  on  the  atomic  weight  of  the  element,  the 
secondary  ra<Hation  increasing  with  the  atomic  weight,  and  the  rate  i»f 
increa^  being  such  as  to  divide  the  elements  into  divisions  corresponding  to 
the  chemical  periods.  The  continuous  curves  (curves  D,  p.  511),  on  which 
the  elementg  are  marked  without  suffix,  are  tnkeu  from  a  previous  paper,  aud 
show  the  relation  between  the  intensity  of  the  secondary  radiation  and  the 
ati>mie  weight  Further  work  showed  that  the  rarer  elementa  of  the  third 
long  period  fell  into  the  place  reserved  for  them  in  this  series  of  curves 
between  iodine  and  tungsten,  the  secondary  radiation  increasing  very  little 
with  atomic  weight  in  the  case  of  these  elements,  which  fact  may  be 
compared  with  their  want  of  well-defined  chemical  diflerences. 

The  secondarj^  radiation  from  a  large  number  of  compounds  was  mcasurefl 
and  compared  with  that  from  the  constituent  elements,  and  it  was  thus  shown 
that  the  secondary  emission  of  j8-particlee  was  strictly  an  additive  atomic 
property.  This  result  rendet*ed  it  possible  to  deduce  the  secondary  radiation 
for  elements  usually  found  iii  the  gaaeons  form,  and  for  others  difficult  to 
obt'vn  T'^r^r  '^T>]  1^1  t'>'«  ^vny  the  list  of  *?lement8  shown  on  curves  D  was 
considerably  extended,  especially  as  regards  the  first  period,  and  the  third 
long  period,  as  mentioned  above. 

It  was  pointed  out  that  the  atomic  weight  of  an  element  could  be 
determined  with  considerable  accuracy  by  measuring  the  secondary  radiation 
from  it,  especially  if  it  were  situated  at  a  place  on  the  curves  where  the 
change  of  radiation  is  great  as  atomic  weight  changes. 

No  change  of  secondary  radiation  could  be  detected  when  the  temperature 
was  altered,  although  observations  were  made  with  plates  raised  to  very 
high  temperatures. 

In  further  papers  the  energy  of  the  secondary  radiation  was  compared  with 
that  of  the  primary  yS-radiation  producing  it,  and  in  this  connection  the 
relative  importance  of  the  secondary  /8-radiation  was  emphasised,  and  it  was 
^hown  how  it  must  be  taken  into  account  in  studying  the  passage  of  yS-particles 
through  matter.  This  subject  was  developed  theoretically  and  measurements 
made  which  gave  the  true  coefficient  of  absorption  of  the  )8-rays,  viz., 
the  value  the  coefficient  would  have  if  no  secondary  particles  were  produced. 
This  work  showed  that  the  ratio  of  the  true  coeflScient  to  the  density  of  the 
absorbing  substance  depends  on  the  atomic  weight  of  the  substance. 
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Subject  of  Present  Paper, 

At  the  beginning  of  this  work  on  secondary  radiation  a  few  experiments 
were  made  on  the  intensity  of  the  radiation  at  different  inclinations  to  the 
normal,  and  for  different  angles  of  incidence,  and  these  few  observations 
indicated  that  such  determinations  might  give  results  of  importance.  They 
have  not,  however,  been  made  until  now.  Comparisons  under  exactly 
similar  conditions  were  deemed  sufficient  for  the  matters  treated  in  the 
previous  papers,  with  the  exception  of  the  work  dealing  with  the  relative 
energies  of  the  primary  and  secondary  rays,  and  in  that  case  the  con- 
ditions were  simplified  by  taking  the  pencil  of  primary  rays  perpen- 
dicular to  the  plate  under  examination,  and  measuring  for  this  simple 
case  the  intensity  of  the  secondary  rays  at  difierent  inclinations  to  the 
normal 

The  present  paper  deals  with  the  intensity  of  the  radiation  from  the  plate 
in  different  directions  when  the  incidence  rays  are  not  normal.  The 
measurements  are  carried  out  with  considerable  detail  in  the  plane  of 
incidence,  and,  in  addition,  measurements  are  made  with  another  form  of 
apparatus  designed  to  give  the  total  secondary  radiation  in  all  directions 
from  the  plate  for  diflferent  angles  of  incidence  of  the  primary  rays.  One 
important  result  of  these  detailed  observations  may  here  be  indicated  in  a 
few  words.  A  portion  of  the  secondary  )8-rays  follows  approximately  the 
ordinary  law  of  reflexion.  This  portion  is  not  very  diflferent  in  amount, 
no  matter  what  the  plate  exposed  to  the  primary  radiation  consists  of. 
The  nature  of  this  portion  of  the  secondary  radiation  is  discussed  later ;  for 
convenience  we  shall  refer  to  it  in  future  as  the  "reflected"  portion. 
When  the  secondary  radiation  is  measured  in  such  a  way  as  to  be  com- 
paratively free  from  reflected  rays,  it  depends  on  the  atomic  weight  of  the 
substance  in  an  even  more  striking  manner  than  that  shown  in  the 
previous  work,  where  the  method  of  measurement  was  such  as  to  include 
some  reflected  rays. 

Apparatus, 

The  apparatus  used  in  the  first  part  of  the  paper  was  very  simple  and 
similar  to  that  employed  in  the  previous  experiments. 

P  represents  the  material  emitting  the  secondary  rays ;  it  is  in  the  form 
of  a  circular  plate  7*5  cm.  diameter,  and  is  exposed  to  the  )8-rays  from  the 
radium  E.  P  is  thick  enough  to  prevent  the  transmission  of  )8-rays,  and 
thus  gives  the  maximum  amount  of  secondary  rays.  The  radium  is  enclosed 
in  a  short  lead   tube  T  which  limits,  to  some  extent,  the  )8-rays   to  a 
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cylindrical  pencil,  but  the  actual  in  tensity  of  the  pencil  of  rays  falling  on 
P,  when  the  angle  of  iacideuce  is  changed,  is  determined  by  direct  experiment, 
as  described  later. 

C  m  a  cylindrical  vessel  20  cm,  long  and  7'5  cm,  diameter,  with  a  thiclr 
wire  stretched   along  its  axis  and  joined  to  an  electrometer,  the  cylinder 

being  kept  connected  to  cells  and  the  current 
to  the  central  terminal  measured  in  the  usual 
way.  The  end  of  the  cylinder  through  which 
the  secondary  rays  enter  is  covered  with  a 
*?ingle  sheet  of  tinfoil  The  distances  CP  and 
EP  are  each  20.  cm. 

The  tube  T  and  the  plate  P  are  both 
movable,  the  former  around  a  horizontal  circle 
with  P  as  centre,  and  the  latter  about  a 
v^ertical  diameter.  When  both  are  turned 
through  the  same  angle,  the  angle  of  incidence 
mnmina  couBtant,  and  measurements  of  the 
secondary  ihjb  at  different  angles  in  the  plane 
of  incidence  are  thus  obtained.  Such  measure- 
ments are  taken  for  various  angles  of  incidencep 
The  plate  P  can  easily  be  n^ moved  and 
replaced,  so  that  an  observation  can  be  taken  without  the  plate,  giving  the 
current  in  C  due  to  unscreened  direct  radiation  from  E  and  other  causes, 
and  then  another  with  the  plate  replaced,  the  increase  being  due  to  the 
secondary  rays  from  the  plate. 

In  practice  it  was  found  inconvenient  to  screen  ofif  the  direct  rays  to  a 
sufficient  extent  and  at  the  same  time  retain  the  necessary  freedom  of 
motion  of  T.  The  difficulty  was  met  by  joining  a  second  ionisation  tube 
like  C  to  the  electrometer,  and  exposing  it  to  a  separate  small  quantity 
of  radium,  this  second  tube  being  joined  to  give  a  charge  to  the  electrometer 
opposite  in  sign  to  that  from  C.  The  position  of  the  radium  acting  on 
this  second  tube  could  easily  be  adjusted  to  almost  compensate  the 
imscreened  radiation  from  R,  and  thus  enable  a  sufficiently  small  capacity 
to  be  used  with  the  electrometer. 

The  amount  of  primary  radiation  falling  on  the  plate  P  is  not  constant 
when  the  angle  of  incidence  d  changes,  and  to  reduce  the  observations  to  a 
common  basis  it  is  necessary  to  know  the  relative  amounts  for  dififerent 
values  of  6.  This  was  found  by  placing  the  tube  T  directly  facing  the 
cylinder  C  at  a  distance  from  it  equal  to  PR,  and  measuring  the  ionisation 
produced  in  C  when  the  end  facing  the  radium  was  covered  in  succession  by  a 
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series  of  thick  lead  plates  pierced  with  apertures  proportional  in  area  to  the- 
different  values  of  cos  6. 

It  might  appear  that  the  comparison  thus  found  would  not  be  accurate,  as^ 
rays  entering  through  a  small  area  near  the  centre  might  not  produce  the 
same  ionisation  as  the  same  rays  entering  farther  from  the  centre.  The  error 
thus  introduced  was,  however,  shown  to  be  smidl,  by  moving  a  plate  with, 
a  dmall  opening  in  it  so  as  to  bring  the  opening  to  different  positions  on  the: 
end  of  the  cylinder. 

Besvlts  of  Experiments. 

The  secondary  radiation  has  been  fully  studied  in  the  plane  of  incidence  as 
described  above  for  the  elements  lead,  tin,  copper,  and  alimiinium.  The 
primary  exciting  )8-rays  are  allowed  to  fall  on  the  exposed  plate  at  a  certain 
angle,  and  this  angle  is  kept  constant,  while  the  intensity  of  the  secondary 
rays  is  measured  at  various  angles  to  the  normal,  and  a  curve  plotted.  The 
angle  of  incidence  is  then  altered,  and  another  curve  plotted.  This  has 
been  done  for  angles  of  incidence  of  0"^,  30*^,  45^  60°,  and  75°.  The  curves 
for  the  different  angles  of  incidence  are  then  reduced  so  as  to  correspond  to 
equal  amounts  of  primary  rays  impinging  on  the  plate.  The  numbers 
required  for  this  reduction  are  given  below,  and  were  determined  as  has  been 
described. 


Angle  of  incidence  0. 
0° 

Amount  of  primary  rays 

impinj^ng  on  plate. 

100 

30° 

96 

45° 

79 

60° 

62 

75° 

34 

The  observations  with  lead  are  shown  by  the  curves  A.  The  number  on 
each*  curve  is  the  angle  of  incidence  of  the  primary  rays,  which  is  constant 
for  all  points  of  the  curve.  The  secondary  radiation  is  plotted  for  different 
angles  of  emission ;  angles  on  the  same  side  of  the  normal  as  the  incident 
primary  rays  are  marked  with  a  plus  sign,  and  angles  on  the  opposite  side 
with  a  minus  sign.  Observations  were  made  at  different  angles  varying 
from  +75°  to -75°. 

Curves  B  are  calculated  from  Curves  A  and  the  numbers  giveji  above,  so 
that  the  curves  for  different  angles  of  incidence  of  the  primary  rays  now  corre- 
spond to  equal  amounts  of  primary  rays  impinging  on  the  plate. 

Curves  Ai  and  £i  are  the  similar  curves  for  tin,  and  curves  A3  and  B3  for 
VOL.  LXXX. — ^A.  2  N 


^^^506                              Prof.  X  A.  McClellaniL                     [Mar,  19, 

^M          aluDiiiiium,    The  different  curves  for  the  same  element,  and  the  carves  for  the 
^^^     various  elenieats,  are  all  plotted  to  the  saoie  scale, 

^^^H         Before  describing  other  experimental  results,  some  of  the  features  of  these 
^^^     curves  may  be  briefly  refen-ed  to.     The  curve  for  normal  incidence,  which  is, 
^M          of  course,  symmetrical  on  the  plus  and  minus  sides,  is  Blmost  exactly  a  cosijie 
^M          curve,  showing  that  when  the  primary  rays  are  normal  to  the  exposed  plate 
^m          the  secondary  radiation  in  any  direction  is  proportional  to  the  cosine  of  the 
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angle  between  that  direction  and  the  normal.  This  result  should  follow 
from  the  fact  that  the  radiation  from  an  element  of  volume  at  a  depth  in  the 
pittt-e  traverses  a  thickneBS  inversely  proportional  to  the  cosine  of  the  angle 
between  i%^  directiQa  and  the  normals 

The  curves  for  other  than  normal  incidence  have  a  maxim nm  ordinate  on 
the  side  of  the  normal  away  from  the  direction  of  the  incident  rays.  The 
position  of  the  maxhnum  ordinate  is  more  inclined  to  the  normal  as  the 
incident  rays  are  more  inclined.  In  fact,  the  form  of  the  curves  suggests  that 
the  secondary  radiation  is  made  up  of  two  parts,  one  of  which  is  of  import- 
ance in  directions  near  to  the  direction  of  ordinary  reflexion.  This  reflected 
portion  is  evidently  a  greater  fraction  of  the  total  secondary  in  the  case  of 
aluminium  than  in  that  of  tin,  and  similarly  greater  for  tin  than  for  lead. 

Curves  for  copper  were  also  plotted,  but  for  economy  of  space  are  not 
reproduced;  they  were  in  every  spnse  intermediate  in  character  to  those 
for  tin  and  aluminium.  All  the  results,  therefore,  agree  in  showing  that  the 
portion  of  the  secondary  radiation  which  we  refer  to  as  reflected  rays  is  of 
greater  relative  importance  the  smaller  the  atomic  weight  of  the  substance^ 
This  follows,  not  because  the  reflected  radiation  is  actually  greater  for  low 
atomic  weights,  but  because  the  other  portion  of  the  secondary  radiation — 
the  true  secondary — diminishes  rapidly  with  the  atomic  weight. 

A  rough  method  of  analysing  the  curves  is  to  take  the  difierence  between 
the  ordinates  for  equal  angles  on  the  plus  and  minus  sides,  and  to  regard 
this  difference  as  representing  the  reflected  portion  of  the  secondary  radiation. 
When  this  is  done  the  position  of  the  maximum  of  the  reflected  rays  agreea 


1908-] 


Secondary  fi-rays. 


509 


very  closely  with  the  position  of  ordinary  reflexion,  and  the  magnitude  of 
the  reflected  portion  for  any  angle  of  incidence  does  not  vary  very  much  for 
the  different  elements  tested. 

The  Effect  at  the  Surface  of  the  PUtte, 

To  test  the  effect  at  the  surface  of  the  plate,  experiments  were  carried  out 
with  layers  of  aluminium.  Curves  C  show  the  results,  the  separate  curves 
«,  A  7,  8  being  for  thicknesses  of  0;0027  cm.,  00052  cm.,  00208  cm.,  and  a 
large  number  of  layers  almost  thick  enough  to  give  the  maximum  secondary 
radiation.  The  angle  of  incidence  of  the  primary  rays  is  60°  for  each  of  the 
80r 


tSO        f75       -fSO 


+45 


-hSO         +15 


0         -15       -JO 

TO    ^O^MAC 

Curves  C. 


-45 


-60 


"^75       =90 


curves,  so  that  the  reflected  portion  is  an  important  part  of  the  whole.  The 
curves  are  not  plotted  to  scale  with  those  for  aluminium  given  above.  An 
analysis  of  these  curves  shows  that  the  reflexion  is  not  merely  a  surface 
action,  but,  as  might  be  expected,  it  goes  on  at  successive  layers  beneath  the 
surface.  The  reflected  portion,  however,  increases  less  rapidly  than  the 
total  radiation  when  the  thickness  of  the  plate  is  increased. 


Absorption  of  Secondary  Rays, 

A  few  experiments  were  made  on  the  rate  of  absorption  of  the  secondary 
rays:  (1)  when  the  primary  rays  fell  normally  on  the  plate  and  the  secondary 
rays  were  observed  in  a  direction  as  near  the  normal  as  convenient — about 
15*^  from  it ;  (2)  when  the  angle  of  incidence  was  60°,  and  the  direction  of 
the  secondary  rays  also  60^  from  normal.  In  case  (1)  the  radiation  should 
consist  almost  entii*ely  of  true  secondary  according  to  the  view  we  have  been 
taking,  and  in  case  (2)  the  reflected  portion  should  be  important. 
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In  previoue  papers  the  observations  required  to  obtain  an  accurate  ralue 
of  the  coeftlcient  of  abaorption  of  rays  producing  secondary  rays  were 
explained;  but  as  for  our  preaent  purpose  we  only  require  approximate 
relative  results,  menflurementa  of  the  ordinary  simple  type  were  made.  The 
intensity  of  the  secondary  rays  wae  measured  before  and  after  paBsing 
through  an  absorbing  layer  of  three  sheets  of  tinfoO,  The  ratio  of  the  second 
intensity  to  the  first  is  given  in  the  following  table : — 


iulMtoiuse  emitting  the 

RA.tio  of  iBtciuitkfl. 

HOondu^  njK 

Incident  ntji  normal.                Itioideiit  rsiyt  +  flO*  to  iromi«t. 

S««oEid&rj  raye  15°  to  fiownal.         8e4X)ndttrT  rayi  —OOP  to  oormaL 

¥b 

oaa 

0-74 

n 

o-aa 

074 

Bn 

o« 

^ 

0-58 

__ 

Cu 

0*57 

0-74 

Al 

O'fiO 

0-70 

The  corresponding  ratio  for  the  primary  fi  radium  mys  is  075, 
These  rough  determinations  show  clearly  enough  that  there  is  good  ground 
for  dividing  the  total  secondary  radiation  into  two  distinct  parta.  When 
the  incident  rays  are  normal,  and,  therefore,  the  reflected  part  small,  the 
rate  of  absorption  of  the  secondary  rays  from  different  substances  is  decidedly 
different,  and  in  all  cases  is  greater  than  that  of  the  primary  rays.  On  the 
other  hand,  when  the  conditions  are  favourable  for  greater  reflexion,  the 
angles  of  incidence  of  primary  and  emission  of  secondary  being  large  and 
equal,  the  rate  of  absorption  varies  much  less  from  one  substance  to 
another,  and  is  in  all  cases  not  very  different  from  that  of  the  primary 
rays.  A  complete  investigation  of  the  absorption  of  the  secondary  rays 
from  a  large  number  of  substances  would  obviously  be  of  great  importance. 
An  interesting  connection  between  the  absorption  and  the  atomic  weight 
of  the  substance  emitting  the  rays  would  no  doubt  be  found. 

Secondary  Radiation  and  Atomic  Weight. 

The  relation  between  the  intensity  of  the  secondary  radiation  from  an 
element  and  its  atomic  weight  has  already  been  described. 

The  results  of  previous  work  are  represented  by  the  curves  D  (continuous 
part).  In  these  experiments  care  was  taken  to  place  the  different  elements 
examined  in  exactly  the  same  position  relative  to  the  incident  rays,  but  this 
position  was  such  as  to  give  a  considerable  proportion  of  what  we  now  call 
reflected  rays.     In  addition  to  the  experiments  with  lead,  tin,  copper,  and 
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aluminium,  described  above,  observations  have  been  made  with  a  few  other 
elements,  so  as  to  indicate  more  fully  the  new  form  of  these  curves  con- 
necting secondary  radiation  and  atomic  weight  when  the  incident  rays  fall 
normally  on  the  exposed  plate  and  the  secondary  radiation  is  measured  in  a 
direction  near  the  normal;  15^  from  the  normal  was  taken,  as,  with  the 
apparatus  used,  it  was  inconvenient  to  make  direct  measurements  for  a 
smaller  angle. 
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Curves  D. 


The  results  are  shown  by  the  discontinuous  curves  D,  on  which  the 
elements  are  marked  with  a  suffix.  The  scale  used  in  plotting  these  curves 
is  such  as  to  make  the  position  of  lead  coincide  with  its  position  on  the  other 
curves. 

The  connection  between  the  secondary  radiation  and  the  atomic  weight  is 
brought  out  in  an  even  more  striking  manner  by  these  later  curves,  and  the 
divisions  corresponding  to  the  chemical  periods  previously  pointed  out  are 
quite  clear.  It  would  be  important  to  make  a  fresh  examination  of  a  more 
complete  list  of  elements  in  the  light  of  the  further  knowledge  regarding  the 
secondary  rays  that  we  now  possess. 
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Part  II* — Mkasurkments  of  the  Total  Secondary  Radution  is  all 
Directions  for  Different  Angles  of  Incidence. 

Apparatus, 

The  work  described  in  the  first  part  of  this  paper  is  confined  to  measure- 
ments  of  the  secondary  radiatiou  in  the  phiiie  of  incidence.  To  complete 
the  work,  similar  observations  should  be  carried  out  in  planes  other  than 
that  of  incidence.  This  has  not,  however,  been  done  as  yet,  chiefly  on 
account  of  the  time  neceasaryj  but  the  total  secondary  radiation  has  been 
nieasm-ed  directly, 

A  form  of  apparatus  was  used  which  gave  dimctty  the  total  radiation 
in  all  directions  from  tlie  exposefl  plate  for  different  angles  of  incidence  of 
the  primary  rays.  An  ionisation  vessel  was  constructed,  consisting  of  three 
oonoentric  hemispheres,  of  radius  20,  25,  and  30  cm.  respectively,  the  hemi- 
spheres being  made  of  a  framework  of  a  few  wires,  and  covered  with  a  single 
layer  of  tinfoil  The  inner  and  outer  hemispheres  rested  on  a  wooden  base 
covered  with  tinfoil,  the  two  hemispheres  and  the  base  being  joined  to  cells 
and  kept  at  a  high  potential.  The  middle  hemisphere  was  insulated  from 
the  others  and  joined  to  an  electrometer,  and  the  ionisation  current  between 
the  middle  and  the  other  hemispherea  measured  in  the  usual  way.  A 
circular  opening  at  the  centre  of  the  base  of  the  hemispheres  allowed  a 
plate  of  the  material  under  examination  to  be  brought  into  position  in  the 
plane  of  the  base  from  below  and  removed  at  will.  A  narrow  opening  in 
the  three  hemispheres  along  a  meridian  allowed  a  lead  tube  containing 
radium  to  project  just  inside  the  inner  hemisphere,  so  that  a  pencil  of  y8-rays 
fell  on  the  central  portion  of  the  base,  including  the  plate  exposed  in  the 
circular  opening.  The  difference  between  the  electrometer  readings  when 
the  plate  was  in  position  and  when  it  was  removed  gave  the  ionisation  due 
to  the  secondary  radiation  from  the  plate.  The  tube  containing  the  radium 
could  be  moved  along  the  meridian  so  as  to  vary  the  angle  of  incidence  on 
the  exposed  plate. 

The  ionisation  vessel,  consisting  of  the  space  between  the  middle  and  the 
inner  and  outer  hemispheres,  being  symmetrical  with  respect  to  the  exposed 
plate,  and  thus  giving  the  same  path  length  to  all  secondary  rays,  the  rates 
of  charging  of  the  inner  hemisphere  were  approximately  proportional  to  the 
total  secondary  radiation,  irrespective  of  the  distribution  of  this  radiation. 
EfTects  due  to  tertiary  and  radiations  of  a  higher  order  might  introduce 
some  error,  as  the  symmetry  would  not  hold  for  such  rays. 

With  this  apparatus  the  conductivity  between  the  hemispheres,  due  to 
unscreened  direct  rays,  was  necessarily  great,  but   this  difficidty  was  met, 
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as  in  the  experiments  with  the  former  apparatus,  by  a  compensating 
arrangement.  In  the  present  case  the  current  required  for  approximate 
compensation  was  fed  into  the  electrometer  by  a  number  of  small  storage 
cells  acting  through  a  very  large  variable  resistance.  Steady  results  could 
easily  be  obtained,  as  with  this  apparatus  and  the  quantity  of  radium 
used  the  secondary  radiation  from  plates  of  7*5  cm.  diameter  was  large 
enough  to  allow  the  use  of  a  capacity  of  0*5  microfarad  joined  to  the 
electrometer. 

Results  of  Experiments, 

The  total  secondary  radiation  has  been  measured  in  this  way  for  lead,  tin, 
copper,  and  aluminium  for  angles  of  incidence  of  the  primary  rays  ranging 
from  10^  from  normal  to  80^  from  normal. 

As  in  the  work  described  in  the  first  part  of  the  paper,  the  amount  of 
primary  radiation  impinging  on  the  plate  varies  with  the  angle  of  incidence, 
and  the  relative  amounts  at  different  angles  were  determined  as  before. 
These  relative  amounts  are  given  below ;  they  are  very  similar  to  the  corre- 
43ponding  numbers  in  the  first  part  of  the  paper,  as  the  pencils  of  ^S-rays 
used  were  very  similar  in  the  two  cases. 

Amount  of  primary  radiation 

Angle  of  incidence.  impinging  on  plate. 

0°  100 

10°  99 

30°  93 

45°  82 

60°  60 

75°  33 

80°  23 

The  total  radiations  for  the  four  elements  tested  are  given  in  the 
following  tables.      In  Table  A  the  observed   numbers  are  given  on  an 

Table  A. 


Total  secondary  radiation. 

Angle  of  incidence 
of  primary  rays. 

i 
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Al. 
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88 

24 
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80 

66 

87 

26 

10 

45 

60 

86 

25 

12             1 

60 

41 

84 

25 

1« 

75 

19 

15 

15 

9             1 

80 

18 

9-5 

6-5 
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arbitrary  scale,  and  in  Table  B  these  nunibers  are  reduced  so  as  to  corre- 
spond to  equal  amounts  of  primary  rays  at  the  various  anglea,  the  reduction 
being  made  by  nieantt  of  the  numbers  given  above. 

Table  B. 


A&gle  of  incideni^ 
of  ptimuj  r^jt. 

Pb. 

Sti. 

Co- 

Al. 

m 
m 

m 

n          ' 

m 

m 
m 
m 

68 
60 

S8 
40 
44 

67 

46 
41 

24 
28 
30 
42 
46 
28 

9 
11 
16 
28 

set 

17 

A  oompariBon  of  these  numbers,  showing  the  total  secondary  radiation 
correspoiidiiig  to  various  angles  of  incidencse,  with  those  previously  given, 
showing  the  secondary  radiation  in  the  plane  of  incidence,  enables  us  to 
draw  some  inferences  regarding  the  radiation  in  planes  other  than  that  of 
incidence.  From  the  way  in  which  the  total  radiation  varies,  especially 
in  the  case  of  the  elements  of  lower  atomic  weight,  we  see  that  the 
"  reflected  "  rays  are  an  important  factor  of  the  whole,  and  are  not  confined 
to  the  plane  of  incidence.  The  relative  decrease  of  the  total  radiation  for 
very  large  angles  of  incidence  probably  means  that  for  such  angles  the 
"  reflected "  radiation  is  more  confined  to  the  plane  of  incidence  than  for 
smaller  angles. 

Naiure  of  the  Secoiidury  fi-rays. 

The  experimental  work  described  in  this  paper  affords  strong  evidence  that 
the  secondary  yS-rays  may  usefully  be  looked  upon  as  consisting  of  two  parts : 
the  true  secondary  rays,  and  the  "  reflected  "  rays.  These  two  parts  diflfer 
essentially  as  regards  distribution,  they  differ  somewhat  in  character,  and  they 
probably  differ  also  in  origin.  The  difference  in  distribution  and  the  varia- 
tion of  the  distribution  with  the  angle  of  incidence  of  the  primary  rays  have 
been  described  at  sufficient  length,  and  the  difference  in  character  is  shown 
by  the  measurements  on  absorption  described  above. 

It  is  important  to  consider  what  difference  there  may  be  in  the  origin  of 
these  two  parts  of  the  secondary  rays. 

There  's  considerable  evidence  in  favour  of  regarding  the  reflected  rays  as 
consisting  of  some  of  the  incident  )8-particles,  which,  in  the  path  they  have 
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traversed  in  the  exposed  plate,  have  not  actually  penetrated  into  or  at  least 
not  caused  any  change  of  energy  of  any  atomic  system.  Such  a  particle 
should  leave  the  plate  with  its  initial  velocity  unaltered  in  magnitude.  Its 
velocity  parallel  to  the  surface  of  the  plate  should  also  be  unaltered,  as  the 
resultant  forces  acting  on  it  should  be  normal  to  the  plate.  Its  direction  of 
emergence  should  therefore  be  inclined  to  the  normal  at  an  angle  equal  to  that 
of  incidence.  These  conditions  might  well  be  satisfied  with  sufficient  accuracy 
to  explain  the  observed  maximum  of  reflected  rays  in  the  direction  corre- 
sponding to  that  of  ordinary  reflexion. 

The  other  portion  of  the  secondary  radiation,  called  in  this  paper  the  true 
secondary,  has  been  discussed  at  some  length  in  the  previous  work  referred  to 
at  the  beginning  of  this  paper.  The  remarkable  relation  between  the  intensity 
of  this  radiation  and  the  atomic  weight  of  the  substance  emitting  it  was  taken 
as  strong  evidence  that  the  ^S-particles  composing  it  were  particles  expelled 
from  the  atoms  when  disturbed  by  the  entry  of  the  primary  rays.  If  these 
secondary  particles  were  merely  scattered  primary  particles,  it  is  difficult  to  see 
how  such  a  relation  between  the  intensity  and  the  atomic  weight  could  possibly 
arise.  If  They  are  particles  expelled  from  the  atom,  such  a  relation  would 
easily  admit  of  explanation. 

Whether  the  expelled  particles  are  original  constituents  of  the  atom,  or 
incident  particles  absorbed  by  the  atom  and  subsequently  expelled,  does  not 
really  amount  to  any  essential  difference.  It  is  true  that  from  the  latter 
point  of  view  we  might,  in  a  sense,  regard  the  secondary  particles  as  scattered 
primary  particles,  but  scattering  in  this  special  sense  would,  as  just  stated,  be 
practically  identical  with  the  explanation  advanced  in  this  and  the  previous 
papers. 
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On  Scmidium* 

By  Sir  William  Cuookes,  D,Sc.,  F.B.S. 

(Revived  Marct  4,— Read  April  30,  1908.) 

(Abstract) 

Scandia  is  one  of  the  rarest  aixd  least  known  of  the  recognised  t^xe  earths. 
It  was  discovered  in  1879  by  Nilson,  who  separated  it^  together  with 
yttei'bia,  from  erbia  extracted  from  euxenite  and  gadolinite.  Later  in  the 
aame  year  Clave  extracted  scandia  from  gadolinite,  yttrotitanite,  and  keilhauite, 
and  deacribed  the  scandium  sulphate,  double  sulphates,  nitrate,  oxalate,  double 
oxalates,  selenate,  acetate,  formate,  oxide,  and  hydrate,  and  gave  some  of  the 
chief  reactiona  of  the  new  body. 

In  the  courae  of  my  20  years*  work  on  the  fractionation  of  the  rare  earths 
I  have  repeatedly  tested  my  products  by  examining  their  photographed 
spectra,  using  the  dominant  lines  of  the  various  elements  as  tests  for  their 
presence,  Scandium  has  an  extremely  characteristic  group  of  lines  in  ita 
spectrmn,  situated  between  wave-lengths  3535'864  and  365fl'^83,  the 
strongest  being  at  86I3'984,  midway  between  two  strong  iron  lines*  By  using 
.a  part  of  the  spectrum  in  which  this  occupies  the  centre  of  the  photograph 
it  is  easy  to  see  if  scandium  is  present.  Detecting  the  dominant  line,  the 
presence  of  scandium  can  be  verified  by  reference  to  the  other  lines  of  the  group. 

Scandium  I  found  in  some  of  my  fractions,  but  only  in  small  quantities. 
A  few  years  ago  I  commenced  an  examination  of  all  the  obtainable  rare 
earth  minerals,  in  order  to  see  if  any  of  them  showed  more  than  a  trace  of 
scandium.     The  minerals  examined  were : — 


^^schynite. 

Allanite. 

Alvite. 

Auerlite. 

Baddeleite  (Ceylon). 

Bastnasite. 

Broggerite. 

Cerite. 

Clevite. 

Columbite. 

Cryptolite. 

Eudialite. 

Euxenite. 

Fergusonite  (Ceylon). 

Fergusonite  (Ytterby). 

Fluocerite. 

Gadolinite. 

Hielmite. 


Homolite. 

Keiihauite. 

Knopite. 

Koppite. 

Lanthanite. 

Monazite. 

Mosandrite. 

Orangite. 

Ortbite. 

Polycrase. 

Pyrochlore. 

Kbabdophane. 

Samarskite. 

Scheelite  (Bohemia). 

Scheelite  (New  Zealand). 

Schoriomite. 

Sipylite. 

Tantalite. 


Thalenite. 

Thorianite. 

Thorite. 

Thorogummite. 

Tscheffkinite. 

Tysonite. 

Urdite. 

Wiikite. 

Xenotime. 

Yttergarnet. 

Yttrialite. 

Yttrocerite. 

Yttrogummite. 

Yttrotantalite. 

Yttrotitanite. 

Zirkelite  (Ceylon,  sp.  gr.  5*0). 

Zirkelite  (Ceylon,  sp.  gr.  4*42). 
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Of  the  minerals  examined,  scandium  was  detected  in  auerlite,  cerite, 
keilhauite,  mosandrite,  orangite,  orthite,  pyrochlore,  thorianite,  thorite,  and 
wiikite,  but  while  other  minerals  contained  less  than  0*01  per  cent,  of 
scandium,  wiikite  was  found  to  contain  more  than  one  hundred  times  that 
amount. 

Wiikite  is  a  black  amorphous  mineral  of  specific  gravity  4*85.  Its  hardness 
is  6.  It  is  infusible  before  the  blowpipe.  It  is  imperfectly  attacked  by 
strong  mineral  acids,  and  breaks  up  easily  when  fused  with  potassiun^ 
bisulphate.  Heated  to  full  redness  in  a  silica  tube,  it  gives  off  helium, 
water,  and  a  distinct  amount  of  sulphuretted  hydrogen,  followed  by  a  white 
sublimate.  The  mineral  begins  to  crack  at  a  temperature  a  little  below 
redness,  and  at  the  approach  of  redness  gas  is  evolved  with  almost  explosive 
violence,  the  mineral  breaking  up  and  flying  about  the  tube.  A  fragment  so 
treated  examined  under  the  microscope  shows  the  surface  covered  with 
glistening  points.  With  a  high  power  these  points  are  resolved  into  a  mass 
of  minute  cubes,  curiously  regular  in  form  and  appearance.  Heating  drives 
off  5*83  per  cent,  of  its  weight ;  5*82  of  the  loss  is  water  and  acid  vapour, 
the  difference,  O'Ol  per  cent.,  consisting  chiefly  of  helium,  with  a  little 
hydrogen,  carbon  dioxide,  and  a  mere  trace  of  neon. 

Containing  so  many  bodies,  the  exact  separation  of  which  one  from  the 
other  is  not  known,  it  is  at  present  impossible  to  give  an  accurate  and 
complete  analysis  of  wiikite.  The  following  is  considered  to  be  a  fair 
approximation  to  its  composition : — 

Tantalic  acid  with  some  niobic  acid  15*91 

Titanic  acid  and  zirconia 23*36 

Earths  of  the  cerium  group    2*55 

Earths  of  the  yttrium  group 7*64 

Scandia 1*17 

Thoria  5*51 

Ferrous  oxide  15*52 

Uranic  oxide    3*56 

Silica    16*98 

Water  and  gases 5*83 

Calcium,  manganese,  tin,  sulphur,  etc.,  unestimated  1*97 

100*00 

After  the  crude  earths,  chiefly  yttria,  ytterbia,  and  scandia,  have  been 
separated  from  the  mineral,  they  are  "  fractionated  "  by  methods  described  in 
the  paper.    Towards  the  end  of   the  fractionation   the  chief   impurity  is 


Chi  Sca7idiu7n, 


ytberl>ium.  Fortunately  the  viiiy  strong  dominant  line  of  the  ytterbium 
spectruraj  wave-length  3694'344,  occurs  at  a  vacant  part  o£  the  scandium 
spectrum,  and  near  the  cliaracteristiG  group  of  scandium.  A  sample  of 
scandta  is  not  taken  as  satisfactory  if  the  least  trace  of  this  line  i»  seen  on  an 
over-exposed  sjjectrum  of  scandium,  and  if  the  actoniic  weight  is  higher  than 
44" L  The  atomic  weight  of  ytterbium  being  17ii,  a  very  little  of  it  as 
an  impurity  raises  the  atomic  weight  of  scandium* 

I  have  prepared  an  J  analysed  the  following  compounds  of  scandium  :■ — 

Smndium  hydroxide,  ScaOs^SH^O  =  Sc(0H)3. 

Scandium  carbonate,  Sea(C03)3,12H20. 

Hyckated  scandium  chlorides.  ScaClo,12HaO  =  Sc20s,6HCl,9HaO, 

ScaCU,3HaO  =  Sc30,H+ 6HCL 
Hydra  ted  scandium  bromides,  Sc3Br#,12H30,  ScaBr^^SHaO  =  Sc^03,6HBr* 
Scandium  chlorate. 
Hcandium  perchlorate. 
Scan  dim  n  hromate. 

ScandiuDi  sulphates,  Sca(SO4}3,6H20,  Sca(S04)3,5HaO* 
Anhydrous  scandium  sulphate,  Scsi(S04)3. 
Basic  scandium  sulphate,  ScaO(S04)a. 

Scandium  and  potassium  double  sulphate,  3KjSOa,Sc3(S04V 
Scandiuin  selenates,  Sc2(Sc04)^aSH2O,  Sc3(Sc04)3,2H2CX 
Scandium  nitrates,  Sc(N03)3,4H20,  Sc(N03)3,  ScOH(N03)2H20,  Sc20(N03)4. 
Scandium  foimate,  (HCOO)2ScOH,H20. 
Scandium  acetate,  (CH3COO)3ScOH,2H20. 
Scandium  propionate,  (C2H6COO)2ScOH. 
Scandium  butyrate,  (CH3.CH2.CH2.COO)2ScHO. 

Scandium  iso-butyrate,  (^g^>CH.COO )  ScOH,2H20. 

Scandium  iso-valerate,  (C4H»COO)2ScOH,2H20. 
.  Scandium  oxalates,  Sc2(C204)3,5H20,  Sca(C204)3,3H20,  Sca(C204)3,2H20, 

SC2(C204),H20. 

Scandium  picrates,  [C6H2(N02)30]2ScOH,14H20, 
[C6H3(N02)30]2,ScOH,5H20. 
Scandium  pyromellitate. 
Scandium  camphorate. 
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Note  on  the  Trajectories  of  Rifled  Projectiles  with 
Vamous  Shapes  of  Head. 
By  a.  Mallock,  F.RS. 

(Received  February  24,— Read  March  19,  1908.) 

In  two  previous  papers*  I  gave  an  approximate  formula  for  the  determina- 
tion of  the  range  and  elevation  of  a  pointed  rifle  projectile,  of  which  the 
head  was  an  ogive  with  a  radius  of  two  diameters.  This  approximation 
agreed  so  closely  with  the  results  obtained  in  practice  that  it  seemed  worth 
while  to  ascertain  whether  the  same  type  of  formula  would  not  apply 
equally  well  to  other  shapes  of  head.      For  this  purpose  I  have  made  the 

experiments  which  will  be  presently  described. 
In  order  to  explain  clearly  what  the  exact 
points  to  be  decided  were,  I  will  briefly  restate 
the  origin  of  the  formula;  given  in  the  former 
papers. 

The  results  of  all  the  experiments  made  on 
air  resistance  at  high  velocities  agree  in  giving 
a  curve  of  retardation  in  terms  of  velocity  of 
the  form  shown  in  Diagram  I. 

The  assumption  made  in   the  approximate 

formula  for  the  range  is,  that,  for  practical 

purposes,  the  curve  ABC  may  be  replaced  by 

the  straight  line  DE,  as  far  as  retardation  R  between  the  velocities  of  1000. 

and  3000  f.s.  is  concerned. 

This  leads,  as  was  shown,  to  the  following  expressions  for  the  remaining 
velocity  v,  and  the  distance  8  travelled  in  a  given  time, 

i;  =  t;'  +  ?^-««,  (1) 


D  VelociCy 

Diagram  I. 


t^/ 


«  =  v7+-^(l-e-«0. 


(2) 


The  quantity  a  is  the  coefficient  of  v— v'  in  the  equation  to  the  straight 

line  CD,  viz.: — 

R  =  a(v^v')  =  au. 

It  was  farther  found,  from  the  analysis  of  a  large  quantity  of  range 
practice,  that  the  downward  acceleration  of  the  shot  during  its  flight  was  less 
than   the  acceleration  due  to  gravity,  that  is  to  say,  the  air  resistance 
♦  *Roy.  Soc.  Proc/  A,  voL  79,  pp.  274  and  676. 


520  Mn  A,  Mallock.     (hi  the  Tra^ectorim  of       [Feb.  24, 

producetl  an  upward  force,  as  well  as  a  retardation  in  the  direction  of  motion^ 
and  that  the  eflleotive  downward  acceleration  (^')  could  be  expressed  as  a 
function  of  the  reduction  of  velocity.  Thus  instead  of  taking  the  fall  io 
time  t  as  ^t^,  the  results  showed  that  we  should  write^— ^^c  (1 — e"*^)  for  g.  The 
numerical  value  of  c  for  the  class  of  projectiles  considered  was  about  0'265* 

This  cliange  in  the  downward  acceleration  inipLies  that  the  axis  of  the 
projectile  is  slightly  inclined  to  the  trajectory  ^  and  that  the  angle  between  the 
two  increases  as  the  velocity  decreases,  that  is,  as  the  curvature  of  the  trajectory 
inci'eases ;  and  this  is  what  might  naturally  be  expected  to  happen. 

Using  the  above  value  for  g\  the  angle  of  elevation  &.,  with  which  tile 
projectile  must  start,  if  it  is  to  remain  in  the  air  for  the  time  /,  is  given  by 

For  brevity,  I  will  write  x  for  at^  and  z  for  1  —  ^'***^  which  gives 

It  will  be  noticed  that  in  this  expression  for  a  there  are  three  constants,  v'\ 
c,  and  fL  Of  these»  v'  and  c  are  purely  experiraentaL  The  constant  ^,  however, 
can  be  decomposed  into  factors,  one  of  which  is  experimental,  while  the  other 
depends  on  the  size,  weight,  and  density  of  the  projectile* 

The  object  of  the  present  series  of  experiments  was  in  the  first  place  to 
find  out  whether  values  could  be  assigned  to  v\  c,  and  a,  which  would  make 
the  formulae  (1),  (2),  and  (3)  agree  with  observation  for  different  shapes  ot 
head,  and,  secondly,  in  what  manner  these  constants  changed  with  the 
shape. 

The  shapes  employed  for  the  head  of  the  experimental  projectiles  were  : — 

(1)  Flat  heads. 

(2)  Hemispherical  heads. 

(3)  Ogival  heads,  radius  of  ogive  2  diameters. 

K^J  »  it  )f  ^  f} 

(5)  »  »  >»  0  „ 

(6)  „  „  „       12 

All  these  projectiles  were  made  of  brass,  0*303  inch  diameter  and  weighing 
154  grains  (10  grammes  nearly).  They  were  fired  with  a  muzzle  velocity  of 
2480  f.s.  and  their  trajectories  were  determined  by  practice  up  to  a  range  of 
1000  yards.  It  was  found,  in  every  case,  except  with  the  flat  heads,  that 
values  could  be  found  for  v\  c,  and  a,  which  would  make  the  formula 
represent  the  facts  within  the  limits  of  errors  of  observation  and,  further, 
that  v'  and  c  were  apparently  independent  of  the  shape  of  the  head. 
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The  chief  interest  therefore  attaches  to  the  dependence  of  a  on  the  shape 
of  the  head.  The  quantity  represented  by  a  first  occurs  as  the  coefficient  of  u 
in  the  equation  of  the  straight  line,  which  is  taken  to  represent  the 
retardation  due  to  air  resistance  ;  and  since,  then,  ax  a,  velocity  is  equal  to  a 
retardation,  the  dimensions  of  a  are  T"^. 

Again,  a  appeara  as  the  coefficient  of  t  in  the  expression  for  the  remaining 
velocity,  viz.,  vst^'-f-wo^"^.  Hence  a  is  the  reciprocal  of  the  time  in  which 
the  velocity  i^  (or  i;  —  v')  is  reduced  by  the  air  resistance  in  the  ratio 
of  e  to  1. 

And  again,  the  retardation  of  the  projectile  is  equal  to  mean  air 
pressure  (P)  per  unit  area  of  cross-section  of  the  projectile  x  that  area-*-the 
mass:  or 

a«  =  ^.      sothat     a  =  Ll^. 
4M  u  4W 

The  formulffl  (1),  (2),  (3)  assume  that  P/w  is  a  constant  depending  on  the 
shape  of  the  head  of  the  projectile  only. 

To  determine  this  constant  it  is  only  necessary  to  determine  the  a  for  each 
ahape  of  head  fi-om  the  data  furnished  by  practice  at  various  ranges.  This 
may  be  done  as  follows : — 

Let  om  be  the  angle  of  elevation  found  by  experiment  as  giving  a  range 
of  8  feet  to  a  projectile  having  an  ogival  head  of  n  diameters  radius.  We 
have 

s^L^V.+u^)    and    «„=^  =  ig^,  (4) 

whence,  eliminating  On,  we  have 

By  plotting  the  function  on  the  right  hand  in  terms  of  x,  the  value  of  x 
which  fulfils  the  conditions  of  (5)  can  be  found,  and  substituting  this  value  in 
{4)  we  find  a^.  A  comparison  can  then  be  made  between  the  trajectory  found 
by  experiment  and  that  given  by  the  formul89(l),  (2),  (3). 

I  will  not  add  to  the  length  of  this  paper  by  giving  the  somewhat  tedious 
computations  required,  but  the  results  are  shown  in  Diagrams  (II),  (III). 

Diagram  II  gives  the  observed  angles  of  elevation  required  at  1000  yards 
for  the  various  bullets  tried,  plotted  in  terms  of  the  radius  of  the  ogive 
expressed  in  diameters  of  the  projectile. 

Diagram  III  shows  the  value  which  must  be  assigned  to  a  if  a  shot  fired  with 
velocity  2000,  2200,  etc.,  f.s.  requires  an  angle  of  elevation  a  for  1000  yards. 
VOL.  LXXX. — A.  2  0 
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Bj  putting  a=^Q  we  find  the  mlnmiuiii  angle  of  elevation  which  a  projectile 
at  the  given  range  can  have,  and  the  values  so  foaud  approach  the  angles 
actually  tised  with  largo  projectiles  at  ranges  short  enough  to  make  the 
reduction  of  velocity  by  air  resietance  inconsiderable. 


d  10  iz 

Calibnes  radius. 

Diagram  II. — Angle  of  elevation  found  by  experiment  for  ogival-headed  projectiles  in 

terms  of  the  radius  of  the  head. 

Weight  of  projectile,  154  grains.     Muzzle  velocity,  2480  f.s. 


In  Diagram  IV  the  full  curves  represent  the  angles  of  elevation  for  various 
ranges,  computed  from  the  calculated  value  of  ^i,  and  the  spots  refer  to  the 
observed  values.  It  will  be  seen  that  the  agreement  between  the  calculated 
and  observed  results  is  fairly  close. 

Diagram  V  gives  the  calculated  values  of  Vju  for  the  different  shapes  of 
head  employed. 

In  order  to  test  the  formula  at  a  different  muzzle  velocity,  a  series  was 
fired  with  a  bullet  made  commercially,  which  has  nearly  the  same  form, 
weight,  and  density  as  the  12 -diameter  ogive  experimental  bullet,  but  having 
a  muzzle  velocity  of  2880  feet  per  second.  The  result  is  shown  in  Diagram  VI, 
Curve  A.  Here  the  experimental  result  is  in  very  close  agreement  with 
the  calculation. 

The  Curve  B  in  the  same  diagram  refers  to  a  bullet  of  the  same  weight. 
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density,  muzzle  velocity,  and  the  same  external  shape,  except  that  the  point 
is  removed,  leaving  a  flattish  area  about  005  inch  diameter.  In  this  case  and 
in  that  of  the  Curve  Ci,  which  refer  to  a  bullet  weighing  225  grains,  having 


40'       ^59  od         m         s^        9</ 

o£- Angle  of  elevation  for  range  of  tooo  yda. 

Diagram  III.— Showiog  the  values  of  "  a ''  for  an  ogival-headed  projectile  in  terms  of  the 
angle  of  elevation  '*  a ''  required  for  a  range  of  1000  yards,  and  with  muzzle  velocities 
of  from  2000  to  3000  f  .s. 


the  same  shape  of  head  as  B,  and  the  same  flattened  point,  but  with  a 
greater  density  (muzz  le  velocity  2225  f.s.)  the  difference  between  the  calcu- 
lated and  experimental  curves  is  considerable.  But  with  values  of  a  used  in 
Curves  B  and  C3  the  agreement  with  the  formulae  again  becomes  very  close. 

2  0  2 


DiAciiiA.li  IV, — Oiiculated  And  obierved  tingles  af  elevfi^ticD  for  ogival -headed  projectilas 

af  0*5,  %  4,  6^  iLnd  12  calibre  radius. 

Weight  of  pi-ojeclile,  154  grains.     Muzzle  veloeity^  2430  f.s^ 

Full  curves  are  the  calculated  angles. 

X  are  results  of  experiments. 

Z 
tt 


z 
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Radius  of  ogive  in  calibres. 

Diagram  V. — P/m  in  terms  of  radius  of  ogive. 
P  =  average  aii*  resistance  (in  lb.  per  square  foot)  on  the  cross-section  of  the  projectile. 
u  =  velocity  of  projectile,  850  f.s. 


♦  There  is  always  a  difficulty  in  ascertaining  the  tnie  zero  of  the  sighting  of  a  rifle. 
It  is  well  known  that  the  first  shot  from  a  cold  barrel  gives  a  zero  different  from  that 
indicated  by  the  subsequent  rounds,  and  that  in  firing  a  long  series,  the  sighting  for  a 
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Whether  the  difference  in  the  value  of  a  requisite  for  these  bullets  is 
entirely  due  to  the  blunt  points,  must  be  decided  by  further  experiment. 

Sharp-pointed  bullets  are  in  use  in  several  Continental  countries  at  the 
present  time,  and  I  may  notice  that  the  trajectories  computed  by  the  formula, 
using  the  values  of  a  obtained  from  Diagram  III,  agree  very  well  with  tables, 
which  have  been  arrived  at  by  experiment  in  each  case. 


lO  I£  14 

Hundred   y^rdd 

Diagram  YI. — Comparison  of  calculated  and  observed  angles  of  elevation  for  ogival- 
headed  projectile  of  150,  154,  and  225  grains.    Radius  of  ogive  12  calibres. 

Curve  A  refers  to  angles  for  sharp-pointed  150-grain  projectile.     Muzzle  velocity  2360 

("a"  deduced  from  the   154-grain  projectile  with  muzzle  velocity  2460  it.). 

«  a  ",  =  0-94. 
Curve  B  refers  to  angles  for  same  shape  and  weight  but  with  flattened  point  {^a^  m  this- 

case  has  to  be  increased  to  1*12  to  make  the  calculated  and  observed  results 

agree). 
Curve  Ci  refers  to  angles  for  sharp-pointed  225-grain  projectile  with  muzzle  velocity  of 

2260  f.s.     ("a*' =  0-68.) 
Curve  C,  refers  to  angles  of  the  same  shape  but  with  flattened  point  as  found  by 

experiment. 
Curve  Cy— -Calculated  angles  for  projectile  of  C^    ("  a  "  =  0'84.) 
The  crosses  x  are  the  results  of  experiment  in  each  case. 

It  is  a  matter  of  some  interest  to  see  what  advantage  would  be  gained  by 
giving  these  extreme  pointed  shapes  to  the  projectiles  of  large  gims.  For 
this  purpose  I  have  prepared  Diagrams  VIII,  IX,  which  give  the  angles  of 
elevation  and  the  ranges  for  a  6-inch  and  12-inch  gun,  both  having  a  muzzle 

given  range  has  occasionally  to  be  altered.  It  is  probable,  I  think,  that  the  differential 
cooling  of  the  barrel  may  have  to  do  with  this,  and  may  render  the  zero  uncertain  to  the 
extent  of  a  minute  or  two. 
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velocity  of  2850  ts.  The  upper  curves  refer  to  projectiles  with  ogival  heads 
of  two  calibres,  and  the  lower  to  12-calibre  heads.  The  gaia  with  the  fi-inch 
gun  is  considerable,  but  the  ranges  would  have  to  be  much  over  10,000 
yards  to  get  a  proportionate  advantage  with  the  larger  gun. 

Before  leaving  the  subject  of  pointed  projectiles,  it  may  be  remarked  that 
the  trajectories  of  projectiles  diftering  eiUier  in  shape,  size,  or  weight, 
cannot  be  exactly  similar,  i.e.,  difler  from  one  another  merely  in  scale,  if  only 
one  of  these  quantities  differ,  for  if  they  could,  the  angles  of  elevation  would 
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Diagram  VII. — Curves  i*elating  to  a  flat-headed  projectile.  " 

Weight,  154  grains. 

Muzzle  velocity,  2480  f.s. 
A  =-  calculated  velocity. 

X  =  velocity  from  ballistic  pendulum  experiments. 
B  =  angle  of  elevation  found  by  experiment. 
C  =  calculated  time  of  flight 
D  =  .^  f«/2R. 
E  =  value  of  g'  (in  f.s.s.)  required  to  fulfil  the  condition  g't^  —  2Ra. 

be  the  same  when  one  range  was  a  certain  definite  multiple  of  the  other. 
In  this  case  the  equation 

must  hold  for  all  values  of  R  (^'i  being  the  constant  ratio  of  S2/S1).     This  leads 
to 

an  equation  which  is  obviously  only  satisfied  for  particular  values  of  t. 
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Diagram  YIII. — Angles  of  elevatien  for  a  6-incli  gun.    Weight  of  projectile,  100  lbs. 

Muzzle  velocity,  2850  f.8. 

A.  Ogival  head,  2  calibres  radius. 
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Diagram  IX.— Angles  of  elevation  for  a  12-inch  gun.    Weight  of  projectile,  850  lbs. 

Muzzle  velocity,  2850  f.s. 

A.  Ogival  head,  2  calibres  radius. 

B.  „  12       „  „ 

The  trajectories  of  two  different  projectiles  will,  however,  be  identical  if 
FfP/uW  is  the  same  for  each.  Within  the  limits  for  V/u  foimd  in  these 
experiments,*  therefore,  d  may  be  varied  in  the  ratio  of  \/2  to  1  (W  constant), 

♦  See  Diagram  V. 


528  Mr.  A.  Mallock,     On  the  Trajectories  of       [Feb.  24, 

And  w  in  the  ratio  of  2U>  1  {d  constant)^  the  trajectory  remaining  the  same, 
if  a  proper  form  of  haad  m  chosen » 

It  was  mentioned  at  the  beginning  of  this  paper  that  the  appro ximata 
formula  used  for  pointed  forms  did  not  apply  to  the  flat*headed  projectUea. 
The  reason  for  tliis  is  that  the  resistance  they  encounter  is  so  large  that  their 
Telocity  falls  to  below  1000  ts.  (the  lower  limit  of  the  formula)  at  com- 
paratively short  ranges,  As  regards  accuracy,  their  shooting  was  bad  at  all 
distances,  but  excessively  so  at  ranges  exceeding  300  yards.  Out  of  the  large 
number  of  rounds  fired,  only  oue  hit  on  the  target  at  700  yards  was  recognised. 
The  initial  velocity  of  the  experimental  flat-head  was  2480  Is.  as  it  was 
with  the  other  forms,  but  at  500  yards  the  air  resistance  had  reduced  this  to 
under  400  is. 

Although  the  simple  range  formula  used  for  pointed  forms  will  not  on  this 
account  ^pply  to  the  flat  heads,  their  range  in  terms  of  time  can  readily  be 
got  from  the  resistance  curve  given  in  '  Eoy.  Soc.  Proc.,*  A,  voL  79,  p,  27  3> 
I^t/be  the  retardation  experienced  at  velocity  v,  audi?  the  negative  velocity 
given  to  the  shot  by  the  retardation;  then  iq— 17  =  remaining  velocity, 
lit  =  (It)//,  and  t  =  If^^dif.  Also  rfs  =  j^fU,  where  « is  the  loss  of  range  due  to  the 
negative  velocity  ^  ■  heuce  the  total  space  R,  described  in  time  i,  is 
%i— Ji^"V^i7.  Now  /  is  7r^<^/4W  X  resistance  per  tuiit  area  at  velocity  v; 
and  resistance  per  unit  area  is  the  ordinate  in  the  resistance  curve  given  in 
the  paper  above  referred  to.  In  order  therefore  to  find  the  range  in  terms  of 
time  for  any  flat-headed  projectile,  we  have  only  to  find  graphically,  or  other- 
wise, the  integrals  Ij^^drj  and  Irif'^drj,  and  to  plot  the  second  in  terms  of  the 
first.  The  range  is  then  Vot—^Vf  jirgd?  x  the  ordinate  ;  and  the  time  of  flight 
4:W /wgd^  X  the  abscissa. 

For  the  purpose  of  comparing  theory  with  the  data  obtained  from  firing,  it 
is  more  convenient  to  plot  in  terms  of  range.  This  has  been  done  in  Diagram 
VII,  where  curves  are  given  showing  the  remaining  velocity,  the  time  of 
flight,  and  the  angle  of  elevation  used  in  t^e  experiments.  The  two  crosses 
on  the  velocity  curve  are  velocities  obtained  from  ballistic  pendulum  experi- 
ments at  100  and  200  yards.  A  curve  (E)  is  also  added  which  gives  the  value 
which  must  be  taken  for  g^  in  order  that  g't^J^R  may  be  equal  to  a.  Prom 
the  rapid  drop  in  g'  it  is  clear  that  as  the  range  increases  the  axis  of  the  shot 
must  depart  widely  from  the  direction  of  motion ;  in  fact,  since  the  mean 
downward  acceleration  for  the  whole  time  of  flight  at  500  yards  is  only  about 
17  f.s.8.  at  that  range,  at  least  half  the  weight  of  the  projectile  must  be  borne 
on  the  air. 

With  larger  projectiles  the  inaccuracy  of  shooting  and  loss  of  velocity  would 
not  be  so  conspicuous ;  for  instance,  a  12"  flat-head,  weighing  850  lbs.,  with 
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an  initial  velocity  of  3000  f.8.  would  still  have  a  velocity  of  2200  f.8.  at  two 
seconds  after  its  start  and  would  have  travelled  5150  feet,  and  it  is  not  likely 
that  any  very  great  inaccuracy  would  declare  itself  up  to  ranges  of  2000  or 
3000  yards.  Beyond  this,  however,  the  shooting  would  probably  become 
more  and  more  erratic. 

One  very  remarkable  feature  about  the  behaviour  of  flat-headed  projectiles 
is  their  great  lateral  drift.  An  ordinary  pointed  projectile  has  a  small  drift 
in  the  same  direction  as  it  would  have  if  it  rolled  on  the  air  under  it. 
The  flat-headed  projectile  drifts  in  the  opposite  direction,  i.e.,  as  if  rolled  on  the 
air  above  it.  This  difiference  has  been  noticed  by  Major-General  Owen,  1862 
and  1864,  but  the  fact  seems  to  have  been  held  as  doubtful.  With  the 
10-gramme  bullets,  however,  there  could  be  no  doubt  about  the  matter,  as  the 
drift  amounts  to  more  than  80  inches  at  500  yards. 

I  will  not  go  further  into  the  experiments  made  with  this  class  of  projectile 
at  present,  although  their  behaviour  is  likely  to  be  of  help  at  some  future  time 
in  forming  a  true  conception  of  the  nature  of  the  action  of  the  air  in  controlling 
the  attitude  of  the  ^ot  with  regard  to  the  trajectory. 

Ee turning  now  to  pointed  projectiles,  it  will  be  seen  from  Diagram  II  that 
little  is  to  be  gained  by  using  a  form  of  head  whose  radius  is  greater  than 
12  diameters,  and,  in  addition,  if  a  more  pointed  form  is  used  with  a  solid  shot, 
comparatively  little  parallel  body  is  left  to  give  guidance  in  the  barrel.  The 
resistance  might  be  further  decreased  if  it  were  possible  to  use  a  pointed  tail 
and  so  lessen  the  negative  pressure  on  the  base,  but  no  mere  rounding  off  of 
the  base  would  do  much  in  this  direction,  although  it  might  well  act  to 
unstabilise  the  bullet.  What  is  wanted  is  a  tail  so  pointed  that  its  angle  is  at 
any  rate  less  than  the  angle  of  the  cone  over  which  the  air  naturally  flows  in 
passing  into  the  wake  of  a  flat-based  projectile,  and  which  is  conspicuous  in 
many  of  the  photographs  of  flying  bullets.  These  fish-formed  bullets,  how- 
ever, are  naturally  unstable  and  almost  as  soon  as  started  they  set  their  axes 
at  a  definite  and  considerable  angle  to  the  direction  of  flight. 

It  would  be  possible,  I  believe,  to  keep  them  in  a  true  course  if  they  were 
provided  with  proper  fins,  and  if  we  succeed  in  this,  angles  of  elevation 
of  25'  to  30'  may  be  looked  for  as  possible  for  small  arms,  at  ranges  of  1000 
yards. 

I  have  to  give  my  best  thanks  to  Colonel  the  Hon.  T.  F.  Fremantle  and 
Colonel  H.  Mellish  for  their  co-operation  and  assistance  in  carrying  out 
these  experiments  at  their  ranges  at  Wistow  and  at  Hodsock  Priory.  All 
the  rounds  were  fired  by  them,  and  their  well-known  skill  as  rifle  shots  made 
any  sensible  error  in  aiming  a  negligible  quantity. 


Note  on  the  Ascent  of  Meteorological  Balloons  and  the  Temperature 

of  the  Upper  Air. 

By  A.  Mallock,  F.RS. 

(BcceiTed  March  11,— Read  March  2G,  1908.) 

The  reoent  inveBtigation  of  the  upper  atmosphere  bjr  meaua  of  Lndia-nibber 
balloons  has  led  to  the  discovery  that  an  almost  constant  temperature  ie 
reached  when  the  pressure  han  decreased  to  about  150  uiiu.  The  lowest 
pressure  reached  id  England  is,  I  believe,  a  little  under  50  mm,,  and  the 
corresponding  height  about  20  kilometma. 

I  thought  it  might  be  of  interest  to  examine,  from  a  theoretical  point  of 
view,  what  the  behaviour  of  balloons  sucli  as  are  need  in  meteorological 
work  must  be  as  i-egards  the  possible  heights  to  which  they  might  ascend 
and  the  variations  of  their  velocity  as  they  rise.  The  determimng  factors 
are: — 

(1)  The  relative  density  of  the  gag  in  the  balloon  and  of  the  outer  air  at 
the  same  pressure. 

(2)  Tlie  ratio  of  the  dead  weight  of  the  balloon  and  fittings  to  the  total 
lifting  force  at  ground  level. 

(3)  The  compression,  by  the  elasticity  of  the  balloon,  of  the  gas  it 
contains. 

As  regards  the  velocity  of  ascent,  the  upward  accelerating  force  is  equal 
to  the  difference  of  the  weight  of  the  air  displaced  by  the  balloon  and  of  the 
gas  which  fills  it,  less  the  weight  of  the  balloon  and  its  load.  This  is 
balanced  by  the  resistance  which,  for  the  velocities  dealt  with,  varies  directly 
as  the  density  of  the  air  (/>),  as  the  square  of  the  velocity  (v),  and  as  the 
square  of  the  linear  dimensions  (r). 

Let  W  be  the  weight  of  the  balloon  and  fittings,  F  the  total  lifting  force 
when  the  pressure  outside  is  po,  and  Fq  when  it  is  ^^  =  po/m ;  also  let 
e  (=1  pq/u)  be  that  part  of  the  pressure  inside  the  balloon  due  to  its 
elasticity,  so  that  the  actual  pressure  inside  is  p-^-po/n*  and  1/k  the  ratio  of 
the  densities  of  the  gas  in  the  balloon  and  of  the  atmosphere  at  the  same 

*  In  this  note  it  is  assumed  here  that  e  does  not  vary  with  the  height.  This  is  not 
quite  true :  in  reality,  e  decreases  at  first  as  the  height  increases,  and  finally  becomes 
rather  greater  than  it  was  at  first.  See  *  Roy.  Soc.  Proc.,'  vol.  46,  p.  239,  and  vol.  49, 
p.  458. 
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preesure  {k  =  16  for  hydrogen).  Then  if  i^  is  the  volume  of  the  balloon  at 
pressure  p^  and  density  po, 

Also,  if  vq  is  the  velocity  with  which  the  balloon  would  rise  from  the  ground 
if  it  had  no  weight,  and  did  not  compress  the  gas  by  its  elasticity  (i,€.,  if 
n  =  00  and  W  =  0),  the  ratio  of  the  upward  accelerations  at  pressures  p  and 

F— W  M— A 

Pa  is  := — —  or  (if  W/Fo  =  A)  ^j — ^,  which  must  be  equal  to  the  ratio  of 

the  resistances  experienced,  viz.,    P^ .   _.    Now 

p/po^l/m.    and    J^  =  ij(^y; 

hence  ^  =  mi  .  (^V  .  /Mh^V.  (3)* 

vo  W  +  1/      Vl-A/ 

Thus  the  velocity  of  the  balloon  at  first  increases  as  the  one-sixth  power 
of  the  ratio  of  the  density  of  the  air  at  the  elevation  attained  to  the  density 
at  ground  level,t  and  when  n  is  large  (that  is  when  the  elastic  compression 
is  small)  the  upward  velocity  reaches  its  maximum  not  far  from  the  greatest 
elevation  to  which  the  balloon  can  attain. 

The  balloon  will  cease  to  ascend  when  ¥  =  w,  and  this  leads  to  the 
following  expression  for  the  limiting  value  of  m : — 

n^(^,l)(l^A)-hnA  .^. 

A(7l(/C-l)-l)  +  7l     •  ^    ^ 

The  pressure  is  then  760 /m  mm. 

The  results  of  equations  (3)  and  (4)  are  traced  in  diagram  I,  the  values 
for  8  and  n  being  such  as  are  likely  to  be  met  with  in  practice.  It  is 
remarkable  how  rapidly  the  velocity  decreases  as  the  minimum  pressure 
is  approached. 

.  To  connect  the  pressure  with  the  height  at  which  it  is  experienced,  the 
temperature  at  every  point  of  the  ascent  must  be  known,  and  this  information 
is  furnished  by  the  automatic  recorder  attached  to  the  balloon. 

I  thought  it  might  be  of  interest  to  compare  the  actual  temperatures  with 

*  Equation  (3)  assumes  that  the  temperature  remains  constant.  The  effect  of  the  tem- 
perature falling  with  the  pressure  is  to  reduce  the  ratio  v/v^. 

t  The  reason  being  that  the  decrease  in  density  rather  more  than  compensates  for  the 
effect  of  the  increased  cross-section. 
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the  adiabatic  temperatiirea,  «>,,  the  temperaUtre  which  a  given  volume  of  diy 
air  would  have  if  transported  from  ground  level  to  a  given  height  and  allowed 
to  expand  without  receiving  or  losing  heat. 

The  height  at  which  the  pressure  p  is  found  in  these  circumstanceg  ifl  (if 

H  =  height  of  homogeneous  atmosphere)  h  =  H  —^(1  —  wi     y  ),  which  gives 

y— 1 

a  finite  limit  to  the  height  of  the  atmosphere  at  27  kilometres  nearly.  The 
ratio  of  the  absolute  temperatures  at  p  and  pt)  is  ^/5o  (l/m)  y  • 
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Diagram  I. — Velocity  of  Ascent  of  Balloons. 

The  ordinates  give  the  ratio  of  the  velocity  of  a  ballof>n  in  air  at  pressure  py  carrying  a 

load  0*6  Fq,  and  with  internal  pressure  =  P+'^y  to  the  velocity  at  p^  of  the  same 

balloon  if  devoid  of  weight,  and  with  the  external  and  internal  pressures  equal. 
For  A,  ?i  =  100,  for  B  =  76,  C  =  50,  D  =  30. 

For  isothermal  expansion  dh  =  d'Rpo/py  and  if  the  arbitrary  relation 
between  temperatuie  and  pressure  found  from  the  balloon  records  is 
0/Oo  =  4>(p),  the  actual  value  of  dh  is  dH.<f)(p)  po/p,  the  integral  of  which 
can  readily  be  found  graphically. 

The  relations   of   the   height   corresponding  to  a  given  pressure  on  the 
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supposition  of :  (1)  constant  temperature ;  (2)  temperature  as  observed ; 
(3)  adiabatic  temperature,  are  given  in  diagram  II,  and  it  is  worthy  of  notice 
that  the  observed  decrement  of  temperature  is  almost  exactly  07  time  the 
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20  Kilometers. 


Diagram  II. 


The  ordinates  are  fractions  of  the  height  of  the  homogeneous  atmosphere.  The  abscissae 
of  Curves  A,  B,  C,  are  heights  at  which  pressure  given  by  ordinates  is  found ; 
A  at  constant  temperature,  B  as  observed,  C  with  adiabatic  expansion.  The  abscissae 
of  Curves  D  and  £  are  the  ratio  of  the  absolute  temperatures ;  D  as  observed,  E  with 
adiabatic  expansion.  Curve  F  is  ratio  of  observed  decrement  of  temperature  to 
adiabatic  decrement.  Curve  G  gives,  in  millimetres  of  mercury,  the  pressure 
equivalent  to  the  heights  in  A,  B,  C.  • 


adiabatic  decrement  down  to  a  pressure  of  rather  lees  than  200  mm.,  oorie- 
Bponding  to  a  height  of  1 1  kilometrefi.  (See  curves  B,  E,  and  F  on  the  same 
diagram.) 

The  halloou  observatioiis  have  brought  out  the  fact  that  at  this  pressure 
or  thereabouts  the  temperature  eeaees  to  change  with  the  height  and  reniaiuB 
between  —50°  and  —60°  C.  up  to  the  greatest  lieight  (approaching  20  kilo- 
metres) to  which  the  balloons  have  aseanded. 

Greater  heights  than  tliis  could  probably  be  reached  if  the  balloons  were 
made  more  expansible,  a>,,  if  the  unfilled  balloons  were  of  thinner  tnaterial 
and  larger  in  volume  than  those  at  present  in  use,  as  this  would  aUow  of  the 
same  lifting  force  for  the  given  quantity  of  gag,  and  give  more  scope  for 
expansion  with  diminished  pressure, 

I  have  to  thank  the  Meteorological  Office  and  Mr.  W.  H,  Bines,  F.RS,, 
for  their  kindnesa  in  giving  me  the  requisite  information  concerning  the 
obfiorved  temperatures  and  pressures  obtained  from  the  balloon  records,  and 
for  details  of  the  dimensions  and  weights  of  the  balloons  and  apparatus. 
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On  the  Use  of  Iridium  Crucibles  in  Chemical  Operations. 
By  Sir  William  Crookks,  D.Sc.,  F.RS. 

(Beceived  and  read  May  7,  1908.) 

I  should  like  to  draw  the  attention  of  chemists  to  the  great  advantages  of 
using  crucibles  of  pure  iridium  instead  of  platinum  in  laboratory  work. 

Through  the  kindness  of  Messra  Johnson  and  Matthey  I  have  had  an 
opportunity  of  experimenting  with  crucibles  of  wrought  iridium,  and  have 
used  one  for  several  months  m  the  usual  operations  of  quantitative  analysis 
in  my  laboratory. 

Iridium  is  as  hard  as  steel,  and  the  crucible  is  almost  unaffected  by  any 
mechanical  treatment  that  can  reasonably  be  applied  to  it. 

Brightly  polished  iridium  superficially  oxidises  with  a  bluish  colour  when 
heated  to  redness,  but  it  is  reduced  again  on  raising  the  heat  Bepeated 
experiments,  however,  have  shown  that  no  appreciable  alteration  of  weight  is 
thereby  caused. 

Heated  for  some  hours  over  a  Bunsen  burner  insufficiently  supplied  with 
air  the  iridium  crucible  is  unaffected  -and  the  deposit  of  carbon  easily  bums 
away,  leaving  the  surface  of  the  metal  uninjured.  All  chemists  know  how 
seriously  a  platinum  crucible  is  attacked  in  these  circumstances.  Iridium 
does  not  blister  after  long  use,  and  it  is  unaffected  by  sulphur  in  the  gas. 

The  crucible  has  been  boiled  in  a  beaker  with  aqua  regia  for  several  hours, 
the  liquid  evaporated  down,  fresh  acids  added,  and  the  whole  boiled  down 
again.     There  was  no  appreciable  loss  of  weight. 

Microcosmic  salt  was  fused  in  the  crucible  at  a  good  heat  for  four  hours, 
with  frequent  additions  of  carbon  ;  a  mixture  of  magnesium  pyrophosphate 
and  carbon  has  been  ignited  in  it  for  four  hours ;  and  phosphoric  acid  and 
carbon  have  been  heated  together  for  some  hours  in  it.  In  none  of  these  cases 
was  there  any  loss  of  weight  or  apparent  action  on  the  metal. 

Silica  and  silicates,  with  a  I'educing  agent,  may  be  strongly  heated  in  it  for 
some  time  without  forming  a  silicide  or  affecting  the  crucible. 

Caustic  potash  fused  at  a  red  heat  in  the  crucible  attacks  it,  but  not  so 
strongly  as  it  would  have  attacked  platinum  in  the  same  conditions. 

The  crucible  was  heated  to  whiteness  and  melted  lead  was  poured  in.  The 
lead  then  was  boiled  away  at  a  white  heat.  There  was  no  action  on  the 
crucible,  and  after  cleaning  with  acids  it  appeared  unchanged,  with  no 
alteration  of  weight. 

Zinc  was  melted  in  it  at  a  red  heat  and  partially  boiled  away.     On  cleaning 
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with  acids  the  crucible  was  unaffected*  Zinc  and  acid  zinc  chloride  (soldering 
fluid)  were  then  heated  in  the  crticible  so  that  the  zinc  could  "wet"  it  The 
heat  was  then  i^ieed  to  the  volatilising  point  of  zinc  for  some  time.  On 
cleaning  with  acid  the  surface  of  the  metal  was  seen  to  be  superficially 
attacked,  and  the  crucible  had  lost  a  few  miUigramnies  in  weight* 

Copper  melted  in  the  crucible  for  some  time  makes  it  "  hot  rotten,"  ij.,  it 
is  brittle  whiJe  hot.  But  if  the  copper  is  well  burnt  off  at  a  high  heat  the 
iridium  reverts  to  its  original  condition. 

Nickel,  gold  and  iron  can  tje  melted  and  kept  liquid  in  the  crucible  for  eome 
time,  and  then  poured  off  with  no  injury  to  the  crucible. 

I  have  asked  Mesars*  Johnson  and  Matthey  to  make  experimental  crucibles 
of  rhodium,  ruthenium  and  osmium.  The  latter  two  metals  they  have  not 
yet  succeeded  in  fashioning,  but  I  have  been  enabled  to  try  similar  ex f>eriments 
to  those  described  above  with  a  rhodium  cruaiblo,  and  I  find  it  practically  as 
resistant  in  all  cases  as  iridium. 

The  low  density  of  rhodium  (11  as  against  iridium  22)  would  be  m  great 
advantage  in  quantitative  operations,  as  the  weight  of  a  rhodium  crucible 
would  be  only  haU  that  of  one  made  of  iridium,  and  the  cost  would  be 
aomewhat  leas. 
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On  the  Measurement  of  the  Atmospheric  Electric  Potential 

Gradient  and  the  Earth-air  Current. 

By  C.  T.  R  Wilson,  F.E.S. 

(Received  March  4,— Bead  March  19,  1908.) 

In  previous  papers*  I  have  described  a  method  of  measuring  the  charge 
upon  and  current  through  a  conductor  exposed  to  the  earth's  electrical  field 
and  maintained  at  zero  potential  The  present  paper  contains  an  account  of 
a  series  of  such  measurements,  taken  primarily  with  the  object  of  testing  the 
method,  and,  in  particular,  of  gaining  some  evidence  as  to  whether  it  is 
legitimated  to  deduce  from  the  "  dissipation  factor,"  found  for  the  exposed 
''test-plate"  of  the  apparatus,  the  current  from  the  atmosphere  into  each 
square  centimetre  of  the  ground  when  the  potential  gradient  is  known. 

With  the  object  of  gaining  information  on  this  question,  alternate  measure- 
ments were  made  with  the  apparatus  in  its  ordinary  condition,  and  with  its 
test-plate  covered  with  turf.  It  was  thought  that  if  the  ratio  of  the  current 
to  the  charge  on  the  exposed  surface  were  found  to  be  the  same  in  the  two 
cases,  it  might  with  some  confidence  be  assumed  that  the  same  ratio  would 
hold  for  the  current  and  charge  per  unit  area  of  the  ground.  As  will  be 
seen  later,  the  ratio  of  the  current  to  the  charge  remained  within  the  limits 
of  experimental  error  uncdtered  when  the  test-plate  was  covered  with  turf. 

The  charge  on  an  exposed  earth-connected  conductor,  always  maintained  in 
the  same  position  relative  to  the  ground  and  other  objects,  may  be  taken  as 
proportional  to  the  charge  per  square  centimetre  of  the  neighbouring  level 
ground,  or  to  the  potential  gradient.  Experiments  were  therefore  made  to 
determine  the  factor  by  which  the  charge  on  the  test-plate  had  to  be  multi- 
plied to  give  the  charge  per  square  centimetre  of  the  ground.  This  having 
been  done,  the  measurements  made  with  the  test-plate  require  merely  to  be 
multiplied  by  the  appropriate  factor  to  give  the  charge  per  square  centimetre 
of  the  ground,  and  also  the  current  entering  each  square  centimetre  of  the 
ground. 

The  observations  were  carried  out  on  the  farm  of  Hundleshope,  about  three 
miles  from  Peebles  and  about  25  miles  south  of  Edinburgh.f  From  September, 
1906,  till  April,  1907,  inclusive,  the  place  of  observation  was  on  a  nearly 

♦  *  Cambridge  Phil.  Proc.,'  voL  13,  pp.  184  and  364,  1906—6. 

t  I  take  this  opportunity  of  acknowledging  my  indebtedness  to  Mr.  Brownlee,  of 
Hundleshope,  for  his  kindness  in  affording  me  every  facility  in  carrying  out  these 
obeervaticmB. 
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level  field  in  the  bottom  of  a  valley,  about  one  mile  wide,  lying  between  htUB 
rifling  on  the  north  to  1314  feet  (Cade-niuir),  and  on  the  aouth  to  2248  feet 
(Hundleshope  Heights),  the  bottom  of  the  valley  beinj?  about  700  feet  above 
sea  level.  The  later  measurements  were  taken  a  few  hundred  yards  to  the 
soath  of  tbiB  pfiint,  just  within  the  mouth  of  a  smaller  tributary  vaUej,  aUo 
fiat-bottomed,  in  which  the  grass  was  kept  short  by  sheep. 

Appav&tu^  and  Method, 

The  apparatus  only  differed  in  dimensions  and  in  minor  details  from  that. 
described  in  the  previous  papers  already  referred  to,*  The  electrometer  used 
is  a  gold  leaf  instrument  of  a  type  suitable  for  the  measurement  of  potentials 
only  differing  slightly  from  zero ;  the  essential  feature  of  the  instrumeot 
being  that  the  gold  leaf  hangs  within  an  inner  cane,  uiaintained  at  a  suitable 
eonstant  potential  by  means  of  a  quartz  Ley  den  jar. 

Supported  by  an  upward  prolongation  of  the  vertical  metal  rod  which  carries 
the  gold  leaf  is  a  horimntal  blackened  brass  disc,  the  **  test-plate/'  7  cm,  in 
diameter ;  it  is  provided  with  an  earth-connected  guard  ring  (external 
diameter  =  17  em.),  from  which  it  is  separated  by  an  annular  air  gap  2 A  mm. 
wide,  A  cylindrical  cover  rests  upon  the  guard  ring,  and  shields  the  test- 
plate,  except  when  it  is  to  be  exposed  to  the  influence  of  the  earth's  electrical 
field. 

If  the  conducting  system  which  includes  the  gold  leaf  and  test-plate  is 
momentarily  earthed,  and  the  cover  is  then  removed  (the  apparatus  being 
freely  exposed  in  the  open  air),  the  gold  leaf  will  be  displaced,  its  potential 
being  raised  if  the  electrical  field  is  in  the  normal  direction  of  fine  weather. 
The  potential  is  at  once  brought  back  to  zero  by  means  of  a  "compensator"; 
the  reading  of  the  compensator  when  the  reduction  to  zero  potential  is 
eflTected  serves  to  measure  the  charge  now  held  on  the  upper  surface  of  the 
test-plate.  The  charge  measured  is  what  would  exist  on  the  upper  surface  of 
the  test-plate  if  it  were  earth-connected. 

If  the  exposure  be  continued  for  a  short  time,  the  compensator  being 
adjusted  as  may  be  necessary  to  keep  the  test-plate  at  zero  potential,  and  the 
cover  -bejthen  replaced,  the  charge  which  has  entered  the  test-pldte  from 
the'atmosphere  in  a  known  time  may  be  determined,  i.e.,  the  current  from 
the^atmosphere  into  the  test-plate  when  exposed  under  the  same  conditions 
as  an  earth-connected  body. 

The  compensator  actually  used  had  the  form  of  a  cylindrical  condenser,  of 
which  the  inner  conductor  was  a  metal  rod  connected  to  the  gold  leaf  system, 

*  The  apparatus  was  made  by  the  Cambridge  Scientific  Instrument  Company. 
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the  outer  conductor  being  a  brass  tube,  maintained  during  any  series  of 
observations  at  a  constant  negative  potential  by  means  of  a  quartz  Leyden 
jar,  and  capable  of  sliding  parallel  to  its  length  to  give  a  variable  capacity. 

The  capacity  of  the  conducting  system,  which  included  the  gold  leaf  and 
its  supporting  rod,  the  compensator  rod  and  the  test-plate,  was  measured 
according  to  the  method  described  in  the  previous  paper.*  Under  standard 
conditions,  i.e.,  with  the  cover  over  the  test-plate  and  the  compensator  tube 
drawn  out  to  its  zero  position,  it  amounted  to  15*2  chl 

The  calibration  of  the  compensator  was  also  carried  out  by  the  method 
described  in  the  same  paper.  It  was  found  to  be  an  improvement  to  have 
the  central  rod  of  the  compensator  somewhat  longer  than  in  the  instrument 
there  described  ;  by  this  means  the  calibration  curve  was  made  to  approximate 
very  closely  to  a  straight  line  throughout  its  length,  i,e.,  the  displacement  of 
the  compensator  tube  required  to  bring  the  potential  of  the  gold  leaf  system 
to  zero  is  very  nearly  proportional  to  the  charge  to  be  measured. 

The  displacement  of  the  gold  leaf  per  volt  amounted  to  2  divisions  of  the 
eye-piece  micrometer  of  the  reading  microscope  over  the  range  of  deflections 
used. 

The  electrometer,  with  its  test-plate  and  guard  ring,  rested,  during  the  open- 
air  observations,  on  the  top  of  the  wooden  box  in  which  the  instrument 
was  kept  when  not  in  use,  the  height  of  the  test-plate  and  guard  ring 
above  the  ground  being  then  70  cm.  The  observer  reclined  on  the  ground, 
and,  having  his  eye  at  the  microscope  and  his  hand  on  the  compensator, 
always  occupied  the  same  position  relative  to  the  apparatus. 

In  making  a  series  of  observations,  the  following  was  the  usual  order  of 
operations.  The  cover  was  placed  on  the  guard  plate,  the  compensator  was 
pushed  through  a  definite  number  of  scale-divisions  from  its  zero  or 
standard  position,  the  gold  leaf  system  was  then  momentarily  earthed  and 
the  compensator  drawn  back  to  its  zero  position ;  the  gold  leaf  deflection 
was  then  read.  The  charge  corresponding  to  this  deflection  is  known 
from  the  sensitiveness  of  the  electrometer  (the  deviation  per  volt),  and  the 
capacity  of  the  gold  leaf  system  under  standard  conditions,  and  it  requires 
for  its  neutralisation  a  known  displacement  of  the  compensator — from 
zero  to  the  position  which  it  occupied  when  the  gold  leaf  system  was 
earthed.  The  charge  corresponding  to  any  other  displacement  of  the 
compensator  is  then  known  from  the  calibration  curve.  This  test  only 
required  to  be  performed  two  or  three  times  in  the  course  of  a  day's 
observations  x)n  account  of  the  high  insulation  of  the  quartz  Leyden  jar 
which  maintained  the  potential  of  the  sliding  tube  of  the  compensator. 
*  *  Cambridge  PhiL  Proc./  voL  13,  p.  3^3, 1906. 

2  P  2 


540     Mr.  C.  T,  K.  Wilson-     On  the  Measurement  of  the     [Man  4, 

The  gold  leaf  system  was  again  nicmentarily  earthed  (the  compensator 
being  in  ita  asero  position),  and  at  a  definite  instant,  as  intlicated  by  a  watch 
hung  from  the  support  of  the  microscope,  the  cover  was  removed.  The 
compensator  was  at  once  pushed  in  to  bring  the  gold  leaf  (deflected  on 
removing  the  cover)  back  to  its  zero  position.  The  compensator  reading 
was  noted ;  this  gives  the  charge  on  the  upper  surface  of  the  exposed  test- 
plate  when  earth -connected.  The  exposure  waa  continued  for  a  definite 
number  of  minutes  (generally  from  two  to  five),  the  compensator  being 
moved  as  might  be  required  to  keep  the  gold  leaf  system  at  ^era  potentiaL 

When  the  desired  time  of  exposure  was  completed,  the  cover  was  replaced 
and  the  compensator  drawn  out  to  its  zero  position*  The  gold  leaf  reading 
was  now  taken,  the  gold  leaf  system  being  then  earthed  and  the  new  zero 
reading  taken*  The  difference  between  the  last  two  readings,  the  sensitive- 
ness of  the  electrometer  and  the  capacity  of  the  gold  leaf  system  being 
known,  gives  the  charge  which  has  entered  the  test-plate  from  the  atmos- 
phere during  the  exposure. 

Finally  the  cover  was  again  removed  and  a  second  reading  of  the  charge  on 
the  test-plate  obtained  as  before. 

An  exactly  similar  sfit  of  readings  was  made  with  a  circular  piece  of  turf, 
held  in  a  shallow  tinplate  box  above  %vldch  it  projected  for  two  or  three 
centimetres,  resting  on  the  test-plate.  The  napacity  of  the  gold  leaf  system,  with 
the  turf  on  the  test-plate  and  the  cover  over  it,  was  determined  by  comparing 
the  deflection  of  the  gold  leaf,  initially  at  its  zero  position,  which  was 
produced  by  drawing  out  the  compensator  to  its  standard  position  from  a  given 
initial  position,  with  that  produced  by  the  same  operation  in  the  absence  of  the 
turf.  The  potential  differences,  corresponding  to  the  same  charge  for  the  gold 
leaf  system  with  and  without  the  turf  on  the  test-plate,  were  thus  compared. 
This  determination  of  the  capacity  having  been  made,  the  other  operations 
which  have  been  described  for  the  test-plate  enabled  the  charge  upon  and 
current  through  the  turf  to  be  measured.  The  same  piece  of  turf  was 
generally  used  throughout  a  day's  observations.  The  charge  on  the  turf  was 
generally  about  three  times  that  on  the  test-plate  alone. 

Results. 
(1)  Comparison  of  the  Dissipation  from  Different  Exposed  Surfaces, 

The  dissipation  factor  is  expressed  as  the  percentage  of  the  charge  on  an 
earth-connected  exposed  body  which  is  neutralised  per  minute.  I  give  first 
the  results  of  some  comparisons  which  were  made  of  the  dissipation  from 
the  test-plate  and  from  a  cylindrical  metal  cylinder   resting   on    the   test- 
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plate.  The  cylinder  was  a  tinplate  box  5  cm.  in  diameter  and  2*6  cm. 
higL  The  charge  on  the  box  when  exposed  to  the  earth's  field  and  at 
2ero  potential  was  found  to  be  about  2*3  times  that  on  the  test-plate 
under  the  same  conditions. 

Under  dissipation  are  given   the   means   of   the   dissipation   factors   for 
each  day. 

Table! 


Date. 

1 
Dissipation.           |  Number 
1      of 

Charge  on  test- 

Bemarks. 

Plate. 

compan- 
Cjlinder.       sons. 

plate. 

1907. 

Sept.    9  

Sept.  10  

Sept.  18  

Sept.  28  

Oct.  1  

per  cent. 
6  1 
4-7 
10-8 
9-5 
4;5 

1 
percent. 

47              3 
4-7              4 
12-3              4 
9-2      I       6 
4-2              4 

8  -6  X  10-»  E.U. 
18-4        „ 

6  0        „ 

9-7        . 
11  -4 

Calm,  sunshine. 
Calm,  hazy,  sunshine. 
Clear,  byercast. 
Clear,  sunshine. 
Overcast. 

Mean   

6-9 

7-0             — 

There  is  no  indication  of  any  marked  difference  in  the  dissipation 
factors. 

In  the  following  table  are  given  the  results  of  a  series  of  comparative 
measurements  of  the  dissipation,  made  alternately  with  the  ordinary  test* 
plate  of  the  instrument  and  with  a  piece  of  turf,  placed  in  a  shallow  tin- 
plate  tray,  resting  on  the  test-plate ;  the  test-plate  was  completely  covered 
by  the  turf.  The  dissipation  factor  is  calculated  by  finding  the  ratio  of 
the  charge  gained  by  the  exposed  conductor  per  minute  to  the  mean  of  the 
charges  on  the  conductor  at  the  beginning  and  end  of  the  exposure,  the 
potential  of  the  system  being  maintained  at  zero  throughout.  The  dissipa- 
tion factors  given  for  each  day  are  the  means  of  all  the  observations  of  this 
comparison  series  taken  on  that  day ;  the  number  of  the  comparisons  made 
is  given,  as  well  as  the  mean  charge  on  the  exposed  test-plate  during  these 
observations. 

This  series  gives  practically  the  same  mean  value  for  the  dissipation  from 
both  test-plate  and  turf,  and  there  is,  on  the  whole,  pretty  good  agreement 
for  the  individual  days.  There  is,  however,  a  rather  serious  discrepancy 
on  August  30,  when  the  mean  dissipation  from  the  turf  is  considerably  in 
excess  of  that  from  the  test-plate.  Both  the  intensity  of  the  electric  field 
and  the  dissipation  were,  however,  very  variable  on  that  day,  and  the 
difference  is  probably  accidental.     There  is  no  evidence  of  any  tendency  for 
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%  difTf^r^tica  to  Rhow  itself  on  calm  days  with  bright  sunshiue,  when  any 
8]  led  tic  photo-^ieetrie  effect  in  the  case  of  either  the  turf  or  the  t«st*p)ate 
taigirt  have  been  f>xj>eotcHl  to  make  itaelif  manifest.  Bay  a  of  bright  sunshine 
wei^  not,  a»  a  matter  of  fact,  days  of  unusually  high  dissipation. 
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Kumb«r 

nut** 

of 

Cli«»g«  on  plftte. 

ll«tnftrk». 

Pkto, 

iHiff, 

■OM. 

tm; 

pir^fBt. 

pHTMIll, 

inn.  ii..,. 
oST  1 

0-? 

»l 

11 

6  8)<10-»E.U. 

Clew  i¥y,  bfight  »mi,  olv. 

B*l 

8 -a 

10^ 

Skt  nearer  (OTfwd :  wii^&^ 
§.W,  at  firft,  di*d  *M^- 

xw. 

Vm,    S 

%*%  1 

T*e 

TR        ,. 

Jm,  10...... 

la^ 

ia*a 

8  1        „ 

^■A*   14.... 

11 1 

lai 

B-4        ,. 

A|tfv  e... 

IT^ 

18  T 

a-e      ,, 

Very  <:lrai-.  wjad  fr^  W. 

ifit.  It  .. 

a*a 

8  1 

T-a      . 

i^  a... 

»'i 

ta 

6^        „ 

J<T      i 

eo 

4^ 

Tl                   M 

Sly     iMMf  T     m^mm^    «tt 

Attf.  a) ,.. 

n  4 

U'2 

fiB        ,. 

I  Clvar,  cmmilni  •bovt. 

S^pW   7. 

a  8 

r^ 

9-8        .. 

TUtd. 

Srpl.    ^ 

5  3 

4  1 

7-7        . 

CaW  *llMK)g*   ■ill  ttll   u  fa^     1 

ii^io... 

e^ 

e*a4 

11 

ITiJ       ,, 

Cl0lldlM>,  C«lm,  h«^.  h>E  «^  * 

8^1$ 

10^ 
9'S 

lt<4 

i    a<8 

19  3        ,, 
9*$ 

4-5 

;    ai 

11  * 

l^ir     belw,    v^i   ^^^ 

1    Umm...... 

8  Si 

1 

ftOi 

-- 

a-a-jo-^E-U. 

The  chAr>^^  on  ilie  turf  was  always  about  three  times  as  laivie  as  :ihac  jh 
iho  ex^Hv^eil  losi-plrtie;  it  is,  morvi>ver,  concentrated  on  the  ure  or  d» 
puyectiug  grass  blades ;  the  conditions  are,  therefore,  very  di&r«Lu  in  ^e 
twv>  oas^^s*  The  aijr^mient  is  sufficiently  good  to  afford  stpj^ctc  ^ramnis 
for  assuming  a  detinite  dissipation  factor  depending  on  the  ccQiSniuii  it 
tl>e  atuu>sj>hen\  Further  cv^mj^arisons  for  very  weak  fields  ar^.  iu^^e^JH: 
decs^irabUv 

It  is,  j^rhaps.  of  int^r^t  to  add  the  results  of  the  individual  ecnLa«c»j» 
fv^r  one  day.  1  gi>"e  those  of  September  10,  1907,  a  c^Jm  day  wii±,  .luimileK 
sky  Imt  some  haxe.  mo«st  of  which  was  dissipated  in  the  earij 
The  eleclrioal  field  was  unusually  sieady. 
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Table  III. — September  10, 1907.    Quantities  given  in  Hundredths  of  an 

Electrostatic  Unit. 


Time. 

Charg 

B. 

Leak  per  minute. 

Dissipation. 

Test-plate. 

Turf. 

Test-plate. 

Turf. 

Test-plate. 

Turf. 

per  cent. 

per  cent. 

10.41— 10.46  A.Jf.  ... 

17-2 

— 

0-36 

— 

2-0 

11.  e-11.19 

17-6 

39-2 

0-71 

1-73 

4-0 

4-4 

11.23—11.86 

19-2 

68  0 

0-81 

2-42 

4-2 

4-2 

11.40—11.62 

17-6 

61-4 

0-91 

3*96 

6-2 

6-9 

11.6S-12.10  P.M.  ... 

19-6 

68-0 

1-72 

4-26 

8-8 

7-8 

12.80—12.46 

18-8 

62-0 

1-62 

4-8 

8  1 

9-2 

1.10—  1.16 

16-7 

47-0 

1-52 

3-8 

9-8 

8-1 

1.19— 1.26       .:. 

18-4 

68-0 

1-66 

4-0 

9-0 

6-9 

1.30—  1.88 

16  l 

61*6 

1-27 

4-16 

7-9 

8-1 

1.40-  1.47 

14-9 

44-6 

0-76 

2-28 

6  1 

6-1 

1.68—  2.  0 

17-2 

— 

0-89 

— 

6-2 

1 

2.  6—  2.18 

19-6 

— 

0-91 

— 

4-6 

2.30—  2.44 

19-6 

66  0 

0-91 

2-76 

4-6 

4-9 

8.  9—  8.23 

19-4 

63-6 

0-86 

2-42 

4-4 

4-6 

8.89—  3.44 

25-8 

— 

1-24 

^— 

6-0 

(2)  Charge  and  Vertical  Current  per  Unit  Area  of  the  Ground, 

The  results  contained  in  the  foregoing  tables  afford  fcdrly  strong  grounds 
for  assuming,  for  a  given  place  of  observation,  that  the  fraction  of  the  charge 
per  unit  area  of  the  ground  which  is  neutralised  per  minute  is  the  same 
as  that  found  for  the  test-plate  of  the  apparatus.  It  seemed  desirable, 
therefore,  to  determine  the  factor  by  which  the  charge  on  the  exposed 
earth-connected  test-plate  has  to  be  multiplied  to  give  the  charge  per  square 
centimetre  of  the  ground  in  the  immediate  neighbourhood,  sufficiently  far 
away,  however,  to  be  unaffected  by  the  presence  of  the  observer  and 
apparatus.  The  same  factor,  if  the  dissipation  factor  be  assumed  to  be  the 
same  for  the  ground  as  for  the  test-plate  of  the  instrument,  will  serve  to 
deduce  the  current  per  square  centimetre  of  the  ground  from  that  through 
the  test-plate,  which  is  directly  observed. 

For  the  purpose  of  determining  this  reduction  factor,  a  large  test-plate, 
which  could  be  placed  with  its  upper  surface  very  little  raised  above  the 
surface  of  the  ground,  was  made;  it  was  provided  with  a  guard  plate. 
The  test-plate  and  guard  plate  were  of  wood,  which  was  found  to  conduct 
sufficiently  well  for  the  purpose ;  the  test-plate  was  12  inches  square,  the 
guard  plate  was  also  square,  the  sides  being  24  inches  in  length.  The  gap 
between  them  was  \  inch  wide.  The  guard  plate  and  test-plate  formed  the 
roof  of  a  shallow  box,  the  total  height  from  the  upper  surface  of  the  roof  to 
t  he  under  surface  of  the  base  being  2  inches,  and  the  space  between  them 
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being  1  inch.  The  test^plate  rested  on  three  feet  embedded  in  sulphur  plugs 
fiUing  cylindrical  holes  bored  half-way  through  from  its  under  side,  A  wooden 
covefp  17  inches  aqiiare  inside,  rested  on  the  guard  plate,  there  l3eing  a  space 
of  2  inches  between  the  test-plate  and  the  roof  of  the  cover*  A  V-shaped 
notch  was  cut  in  one  side  of  the  cover  to  allow  the  passage  of  a  wire  between 
the  teiit-plate  and  the  electrometer-  The  wire  was  aitached  to  the  lower 
surface  of  the  wooden  test-plate,  efficient  contact  Ijeing  ensured  by  means  of 
a  sheet  of  tinfoil  gummed  over  the  wire  and  the  suiTounding  w^ood.  The 
wire  led  from  the  large  wooden  test-plate  to  a  terminal  which  could  be  fixed 
on  the  upper  surface  of  the  ordinary  test-plate  of  the  instrument.  In  the 
actual  experiments  the  horizontal  distance  between  the  centres  of  the  two 
test- plates  was  about  90  inches,  the  vertical  height  of  the ^ small  test-plate 
being  iu  these,  as  in  all  the  measurements,  about  28  inches  above  the  ground- 
Alternate  measurements  were  made  of :  (1)  the  charge  on  the  small  test-plate, 
on  removing  its  cover  and  bringing  to  isero  potential  by  means  of  the  com- 
pensator, and  (2)  of  that  on  the  large  test-plate,  the  same  method  of  removing 
its  cover  and  bringing  the  potential  of  the  system  to  zero  by  the  compensator 
being  used.  In  making  the  measurement  of  charge  on  the  large  plate,  the 
terminal  attached  to  the  connecting  wire  was  placed  on  the  small  test-plate 
(the  other  end  of  the  wire  being  permanently  attached  to  the  large  test-plate ), 
the  gold  leaf  system,  with  test-plates  and  connecting  wire,  was  momentarily 
earthed,  and  the  large  cover  removed  to  a  distance,  the  compensator  being 
then  adjusted  to  bring  the  gold  leaf  to  its  zero  reading  and  the  cover  at  once 
replaced.  The  compensator  reading  required  to  give  zero  potential  was  then 
read  again ;  if  the  operations  were  sufficiently  quickly  gone  through  and  the 
electrical  field  was  not  too  variable,  the  last  reading  was  generally  zero,  the 
time  of  exposure  being  short  enough  to  prevent  any  appreciable  gain  of  charge 
from  the  atmosphere.  Since  the  small  test-plate  and  the  connecting  wire 
were  exposed  even  when  the  large  test-plate  was  covered,  any  change  of  field 
during  the  time  required  for  an  observation  to  be  completed  was  troublesome. 
It  was  found  convenient  to  have  an  assistant  to  remove  the  cover  and  to  re- 
place it  according  to  signal,  as  the  time  required  for  an  observation  was  thereby 
shortened.  On  removing  the  cover  the  assistant  retired  to  a  distance  of 
several  yards,  at  which  distance  it  was  found  by  trial  that  he  was  without 
eflect  on  the  field  at  the  large  test-plate.  The  presence  of  the  electrometer 
and  observer  were  also  without  any  marked  efiect  on  the  charge  on  the  lai-ge 
test-plate.  To  test  this  point  it  would  be  sufficient  to  place  conductors  of 
similar  size  and  shape  at  an  equal  distance  on  the  other  side  of  the  large 
test-plate  and  observe  whether  any  effect  was  produced  on  removing  them  to 
a  distance  or  replacing  them.     An  approximation  to  a  test  of  this  kind  was 
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efifected  by  stationing  the  assistant  at  the  point  referred  to  and  looking  for 
any  displacement  of  the  gold  leaf  as  a  consequence  of  his  rising  from  a  lying 
to  a  sitting  posture.    No  such  displacement  could  be  observed. 

It  was  necessary  to  make  a  large  number  of  comparisons  of  the  charges  on 
the  large  and  small  test-plates  when  exposed  to  the  electric  field  of  the  earth 
and  brought  to  zero  potential,  on  account  of  variations  in  the  potential 
gradient.  The  mean  of  12  such  comparisons,  made  on  March  29,  gave  5*65 
for  the  ratio  of  the  charge  on  the  large  plate  to  that  on  the  small  test-plate. 
The  observations  on  this  day  were  carried  out  without  assistance,  and  the 
time  taken  to  complete  an  observation  with  the  large  plate  was  generally  long 
enough  to  cause  a  measurable  charge  to  be  gained  by  the  plate,  which  was 
detected  on  replacing  the  cover.  On  April  1,  a  longer  series  of  observations 
was  made  with  the  help  of  an  assistant,  and  in  13  of  the  comparisons  of  charge 
no  appreciable  charge  was  gained  by  the  large  test-plate.  The  mean  of  the 
ratios  of  the  charges  on  the  test-plates  given  by  these  13  comparisons  was 
5'60.  The  mean  of  10  other  comparisons  of  the  same  ratio,  in  which  a 
correction  had  to  be  made  for  the  charge  gained  by  the  large  test-plate, 
amounted  to  5*66.  The  value  of  the  ratio  obtained  from  the  observations  to 
which  no  correction  had  to  be  applied  (5*60)  is  the  one  used  in  the  calculation 
of  the  reduction  factor. 

The  effective  area  of  the  small  test-plate  (obtdned  by  adding  half  the 
area  of  the  gap  to  that  of  the  test-plate)  is  41*3  sq.  cm.,  that  of  the  large 
test-plate,  obtained  in  the  same  way,  968  sq.  cm.,  the  ratio  of  the  areas  being 
23*4.  This  gives  for  the  ratio  of  the  surface  density  of  the  electrification  on 
the  small  test-plate  to  that  on  the  large,  4*2.  The  density  on  the  large  test- 
plate,  12  inches  square,  at  a  height  of  2  inches  above  the  surface  of  the  ground, 
and  surrounded  by  a  guard  plate  making  up  the  flat  surface  exposed  to  an 
area  four  times  that  of  the  test-plate,  has  been  taken  as  not  differing  appre- 
ciably from  that  on  the  general  surface  of  the  ground.  The  ground  was 
not  sufficiently  flat,  nor  the  grass  sufficiently  short,  to  make  it  appear 
worth  while  to  attempt  to  determine  the  correction  to  be  applied.  The  mean 
density  of  the  electrification  upon  the  exposed  test-plate  when  at  zero  potential 
has  been  taken  as  being  4*2  times  that  upon  the  surface  of  the  ground. 

In  the  table  which  follows  are  given  the  charge  and  current  per  square 
centimetre  of  the  ground  in  electrostatic  units,  deduced  from  the  corre- 
sponding quantities  for  the  test-plate,  by  multiplying  by  the  appropriate 
factor.  The  charge  and  current  per  square  centimetre  of  the  ground  are 
also  given  in  coulombs  and  amperes,  the  potential  gradient  deduced  from  the 
charge  being  also  given  in  volts  per  metre.  In  each  case  the  values  given 
are  the  means  for  the  day  over  the  range  of  time  named  in  the  first  column. 
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The  results  given  in  the  above  table  may  be  divided  into  three  groups 
according  to  the  type  of  weather  on  the  dififeren^  days.  The  following  days 
were  calm,  with  practically  cloudless  sky  and  bright  sunshine,  with  a 
certain  amount  of  haze:  September  29,  1906,  April  18,  September  9,  10, 
and  28,  1907.  The  atmosphere  was  very  clear,  with  a  considerable  amount 
of  cumulus  about,  on  January  10,  April  6,  July  5,  August  30,  and  September  7, 
1907.  The  sky  was  almost  completely  overcast  on  October  1,  1906, 
January  8  and  14,  July  3,  September  13,  and  October  1,  1907.  The 
dissipation  factor  was  least  (mean  =5  6*6  per  cent,  per  minute)  for  the 
cloudless,  calm  days,  greatest  (mean  =  11*2  per  cent,  per  minute)  for  the 
days  with  cumulus  and  clear  atmosphere,  the  overcast  days  giving  an  inter- 
mediate value  (mean  =  8*05  per  cent,  per  minute). 

It  is  remarkable  how  nearly  the  mean  value  found  for  the  current  per 
square  centimetre  of  the  ground  (2*2  x  10"""  ampere)  agrees  with  that 
deduced  by  Grerdien*  (2*4  x  lO'^*  ampere)  from  the  results  of  measurements 
of  conductivity  and  potential  gradient.  The  agreement  is  no  doubt  to  some 
extent  accidental ;  a  systematic  series  of  regular  observations  extending  over 
a  considerable  period  would  be  required  before  a  trustworthy  mean  value  of 
the  current  could  be  obtained. 

♦  Gerdien,  'Physikal.  Zeitschr.,'  Jahr.  6,  1906. 
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On  the  Ilysterems  Lo.^s  and  other  Properties  of  Iron  Alloys 
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Bj  Professor  Ernest  Wilson,  V.  H.  Wikson,  and  G.  F.  O'Dell. 

(Communicated  by  Sir  William  H.  Preece,  K.C.B.,  F.E.S.    Received  March  18,— 

Read  April  30,  1908.) 

The  ipaterials  chosen  for  these  experiments  are  the  invention  of  Mr. 
R.  A.  HaJfield,  and  were  supplied  by  Me^rs.  Sankey  and  Sons*  They  are  an 
alloy  of  iron  called  "  Stalloy/'*  and  a  sample  of  tmiisformer  iron  called 
"  Lohys."  The  principal  object  of  the  research  is  to  find  the  magnetic 
qualitiea  of  these  materials  when  subjected  to  very  small  magnetic  forces. 

The  specimens  for  the  magnetic  tests  are  in  the  form  of  rings  composed 
of  stampings  wound  with  a  primary  and  secondary  coil,  the  secondary  next 
to  the  core.  The  Stalloy  stampings  are  separated  by  a  thin  coaling  of 
'*  insuline/*  ajid  the  Lohys  stampings  have  paper  insulation  between  everj- 
ten  stampings.     The  particulars  of  the  rings  are  given  in  Table  I.      The 

Table  I. 


l>tiimet**r  of  ring. 

of 

Net 

Length 

BifBt^nsU 

Cll], 

s<M;tional 

of  mean 

Vnttmrj 

Secoudaiy 

" 

Btttmpmgij 

flpeft, 

linej 

turn?. 

tumt. 

TntemaL      EiternaU 

um. 

StttUoy,.,.,. 

7-6             12  -76 

0-0486 

aO'79 

32-0 

180 

200 

Lohjs  

8-81             6  85 

0^7 

12  3 

15-96 

50 

100 

magnetic  properties  have  been  found  by  the  Ballistic  Galvanometer  method, 
and  the  results  are  given  in  Table  II.  Figs.  1  and  2  show  the  various 
quantities  plotted  in  terms  of  the  maximum  value  of  the  magnetic  induc- 
tion B.  The  currents  for  the  small  magnetising  forces  were  measured  in 
terms  of  a  Clark  cell  and  standard  resistance. 

Lord  Rayleigh  foundf  by  the  magnetometer  method  that  in  the  case  of 
Swedish  iron  the  values  of  the  permeability  fi  corresponding  to  values  of 
the  magnetic  force  H  varying  from  0-00004  to  004  were  very  nearly  constant. 
The  curves  obtained  by  plotting  the  values  of  fi  and  H  in  Table  II  tend  to 

*  Mr.  Hadfield  states  that  the  distinguishing  feature  of  this  alloy  is  that  it  contains 
about  3  per  cent,  of  silicon, 
t  *Phil.  Mag.,'  1887. 
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become  parallel  with  the  axis  of  H  as  the  values  of  H  are  diminished,  and 
would  predict  limiting  values  of  /n  of  260  for  Stalloy  and  222  for  Lohys. 

Table  II. 


Bmax. 

Hmax. 

Per. 

meability 

A*. 

1 

\   Coercive 
force  Ho. 

ReBidual 

magnetism 

Bo. 

Ergs  per  cycle 

per  cubic 

centimetre. 

jHrfB 
HoBmax. 

1 

Stalloy 

0-1267 

0-000474 

267 









0  -1918 

0-000739 

259-5 

— 

— 

— 



0-674 

0-00267 

252  -5 

— 

■ 

— 



0-937 

0-00357 

263 

0-000056 

0-015 

0-0000111 

2-68 

1-870 

0-00695 

269 

0-000126 

0-040 

0-0000672 

3-58         1 

3-60 

0-01286 

280 

1  0-000382 

0-10 

0-000847 

8-17 

8-25 

0-0251 

829 

0-0026 

0-73 

0*00884 

2-84 

•13  -02 

0-0358 

364 

0-0045 

1-60 

0-01163 

2-44         i 

88-0 

0-080 

475 

0-0095 

6-00 

0-0811 

2-82 

94  1 

0  157 

600 

0-024 

16-60 

0-6680 

3-12 

171-0 

0-245 

698 

1  0-040 

81-0 

1-686 

8-08 

•269 

0-312 

862 

!  0-080 

71-6 

4-810 

2-81 

•629 

0-420 

1500 

0-160 

246-0 

21-66 

2*89 

2245 

0-677 

3320 

0-873 

1473 

203-0 

8-06 

•6050 

1-354 

4470 

1  0-60 

4666 

1080-0 

8-68 

8200 

2-130 

3850 

1  0-67 

6230 

1688 

3-86 

9810 

3-26 

3020 

0-73 

7120 

2336 

4-11 

'  11500 

5-71 

2020 

0  76 

7720 

8110 

4-54 

18480 

16-20 

832 

0-80 

Lohys. 

7970 

4630 

5-28 

0-70 

0-00311 

226 









1-95 

0-0087 

224 

'       — 

— 

— 



4-25 

0-0181 

236 

O  •000673 

0-21 

0-000726 

8-18 

8-99 

0-0352 

256 

0-00296 

0-69 

0-00645 

.  8-08 

15-0 

0-0528 

284 

'  0-00676 

1-96 

0-0224 

2-78 

87-4 

0-1042 

359 

0-0188 

7-00 

0-152 

2-72 

84  1 

0-1860 

452 

0-0445 

20-80 

0-84 

2-82 

1       286 

0-404 

709 

j  0-133 

108-0 

8-80 

2-92 

1       568 

0-566 

1005 

0-248 

266 

32-2 

2-89 

1       965 

0-697 

1385 

!  0-368 

660 

83-0 

2-94 

'■     1930 

0-905 

2135 

0-535 

1332 

258 

8-08 

3780 

1-260 

3000 

,  0-700 

2959 

725 

8-45 

6280 

1-960 

3210 

;  0-836 

6187 

1620 

3-89 

7970 

2-740 

2910 

'  0-920 

6465 

2876 

4-08 

11610 

6-575 

1757 

1  1-12 

8670 

5060 

4-90 

13440 

14-90 

903 

1-25 

9860 

7050 

5-29 

In  fig.  2  curves  of  permeability  are  given  for  a  very  pure  iron  specimen*^ 
and  a  piece  of  transformer  plate  rolled  from  Swedish  iron.f  They  show  that 
the  permeability  of  Stalloy  is  high  for  comparatively  small  values  of  the 
magnetic  induction  B,  but  rapidly  diminishes  as  B  is  increased.  The 
hysteresis  loss  for  each  of  these  specimens  lies  about  midway  between 

♦  *  Eoy.  Soa  Proc.,'  vol.  62,  p.  371.  . 

t  '  InBt.  Qv.  Eng.  Proc.,'  vol.  126,  pi  186. 
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those  for  Stalloy  and  Lohys.    It  is  interesting  to  note  that  the  curves  of 
permeability  for  values  of  the  magnetic  induction  B  varying  from  15,000 
to  22,000*  continue  the  curves  of  permeability  given  in  fig.  2,  the  change 
•  •  The  Electrician,'  October  18,  1907. 
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of  the  slope  of  the  curve  between  the  two  being,  however,  somewhat  abrupt 
in  each  case. 

The  Stalloy  material  requires  careful  attention  in  order  that  a  truly 
symmetrical  hysteresis  loop  may  be  obtained,  more  especially  when  the 
maximum  induction  B  varies  from  about  200  to  8000.  For  instance,  in  an 
extreme  case,  after  reducing  the  force  H  from  about  63  to  0712  without 
subjecting  the  specimen  to  a  series  of  reversals  of  the  magnetic  force  as  it 
was  reduced,  a  complete  hysteresis  loop  was  obtained.  This  loop  is  un- 
symmetrical  in  the  sense  that  if  the  axis  of  H  be  so  placed  that  the  coercive 
forces  are  equal,  the  positive  and  negative  valuer  of  the  maximum 
induction  B  are  not  equal,  but  the  positive  and  negative  values  of  the 
residual  magnetism  Bo  are  equal.  Conversely,  if  the  axis  of  H  be  so  chosen 
that  the  total  change  of  magnetism  is  halved,  the  values  of  the  coercive 
forces  are  not  equal,  and  the  positive  and  negative  values  of  Bo  differ  from 
one  another  by  7  per  cent.  The  value  of  the  permeability,  defined  as  the 
ratio  of  half  the  total  change  of  magnetic  induction  to  the  maximum  value 
of  H,  was  less  than  was  obtained  when  the  loop  was  truly  symmetrical. 
This  effect  persisted  in  spite  of  some  hundreds  of  reversals  of  the  magnetising 
force,  and  was  only  removed  by  re-applying  the  larger  force  and  subjecting 
the  specimen  to  magnetic  reversals  during  the  reduction  of  the  magnetic 
force  to  the  required  value.  In  Table  II  the  figures  for  loops  which  are  not 
quite  symmetrical  are  indicated  by  an  asterisk. 

A  matter  which  has  received  further  attention  is  the  value  of 
JHcCB/HoB  maxi  where  H©  is  the  coercive  force  corresponding  to  the  particular 
maximum  value  of  the  magnetic  induction  B.  Dr.  Sumpner*  has  pointed 
out  that  this  quantity  is  accurately  represented  by  a  linear  function  of  the 
maximum  induction  B  over  a  large  range.  It  will  be  seen  from  Table  II 
and  figs.  1  and  2  that  this  law  ceases  to  hold  for  very  small  values  of  B. 

The  Steinmetz  coeflBcients  have  been  found  between  the  values  of  the 
induction  B  mentioned  in  Table  III,  the  law  being  Ergs  per  cubic  centimetre 
per  cycle  =  «B^.  It  will  be  seen  that  fi  varies  between  wide  limits  in  the 
case  of  each  of  the  materials. 

The  specific  resistance  and  temperature  coeflBcients  were  obtained  from 
specimens  90  cm.  long,  0*6  cm.  broad,  and  0*04  cm.  thick  by  aid  of  the 
double  bridge  method,  the  specimen  being  submerged  in  an  oil  bath  which 
was  cooled  by  a  mixture  of  ice  and  salt  for  the  lower  temperatures.  The 
results  are  given  in  Table  IV. 

It  is  interesting  to  note  that  the  eddy  current  loss  calculated  by  aid  of  the 


♦  *  Inst  Elea  Eng.  Joum./  vol.  36,  p.  465. 
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Table  lU. 


St»l!<jy. 

lokjft. 

Ibwg«  of  B. 

&^ 

«. 

Baagc;  of  B.        1       ^. 

a. 

0-937—         8-25 

8-25  —       94U 
94*1     "     629 
629         —  6060 
6050         —llfiOO 

n&yA      -13480 

2^ 
2*05 

1-92 
1-71 

1  72 

2  97 

0 -0000133 

0*00005<}S 

0*00(K»938 

0-000363 

0*000321 

0*000000752 

4-26--      87-4 
a7H—    568 

568       —  37B0 
3780      --  7970     . 
7970       —13440 

2  4$ 
1*97 
1-64 
1*69 

2m 

o^oooosoy 

0-000122 
0-0009fM 
0-0014S 
0  0000179 

Table  IV. 


Mati-nal. 

Spwiiacnj 

atl5*aia 

10-*  ohm  per  mibio 

em. 

MeftD  tempemttire  ccw0ci^t* 

ff  c— stf*  0.       (f  a— loop  0. 

StalloT 

(1) 
(2) 
(3) 

MtfAn   

(2) 
Mean   

40  05 
61-5 

48*35 

0-00097 
0-00098 

0  00101 

0-00105 

Lolija.... ...,. 

49*63 

13^6 
14  -55 
14  26 

0*000976 

0*00426 
0-00422 
0*00424 

0  00103 

0-00451 
O-0O444 
0-00444 

14*25 

0-00424 

0-00446 

ordinary  formula  when  added  to  the  hysteresis  loss  gives  a  curve  of  total 
energy  loss  in  close  agreement  with  that  published  by  the  manufacturers. 
As  would  naturally  be  expected,  the  high  specific  resistance  of  Stalloy  results 
in  a  very  low  eddy  current  loss. 


The    above    experiments    were    carried    out   in    the   Siemens   Electrical 
Engineering  Laboratory,  King's  College,  London. 
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Note  on  the  Representation  of  the  Earth's  Surface  by  Means  of 

Sphemcal  Harmonics  of  the  First  Three  Degrees. 

By  A.  E.  H.  Love,  F.RS. 

(Received  March  26,— Read  April  30,  1908.) 

In  my  paper  on  "  The  Gravitational  Stability  of  the  Earth,"*  dynamica! 
arguments  were  adduced  in  favour  of  the  hypothesis  that  the  distributiont 
of  density  within  the  earth  is  such  that  the  surfaces  of  equal  density  present; 
in  addition  to  the  inequalities  depending  upon  the  diurnal  rotation,  other 
inequalities  which  can  be  specified  by  spherical  hannonics  of  the  first,  second, 
and  third  degrees.  If  this  is  the  case,  the  surface  of  the  earth,  by  which  I 
mean  the  surface  of  the  lithosphere,  should  present  corresponding  inequalities, 
and  so  also  should  the  equipotential  surfaces.  Analytically,  if  the  density  p 
is  given  by  an  equation  of  the  form 

p=/o(r)-h6i/i(r)Si  +  62/2(r)S2+€3/3(r)S3,  (D 

where /o(r),/i  (r), ...  are  functions  of  the  distance  r  from  the  centre.  Si,  S2,  S3 
are  spherical  surface  harmonics  of  degrees  indicated  by  the  suffixes,  and 
€\y  62,  fa  are  small  coefficients,  then  the  surface  should  have  an  equation  of  the 
form 

7*  =  rt  -f  aiSi  -f  a2S2  +  olSz,  (2) 

where  a  and  ai,  a2,  az  are  constants,  and  the  a's  are  small.  The  elevations 
and  depressions  of  the  lithosphere  should  be,  at  least  in  their  main  features,, 
expressible  by  a  formula  of  this  type.  The  actual  elevations  and  depressions 
are  difl&cult  to  determine,  because  all  that  can  be  found  by  observation  is  the 
amount  of  elevation  above,  or  depression  below,  a  particular  equipotential 
surface,  the  geoid,  or  the  surface  of  the  ocean,  continued  beneath  the 
continents.  For  a  first  approximation  the  potential  due  to  such  a  distribu- 
tion of  density  as  is  expressed  by  (1)  within  a  surface  expressed  by  (2)  would 
be  given  by  formulae  of  the  type 

V  =  Fo(r)-hy3iFi(r)Si  +  )82F2(r)S2+;93F3(r)S3,     {r<a\ 

V  =  Fo(a)^  +  /3iFi(a)^Si4-)82F2(a)^'s2+)83F3(a)^'s3,     {r>a\ 

where  the  )8's  are  small  coefficients  and  the  F's  are  functions  connected  with 
the  f%  by  definite  relations.  Such  formulae  would  need  correction  in  the 
immediate  neighbourhood  of  the  surface  r  =  a,  but  there  can  be  no  doubt 

♦  '  Phil.  Trans.'  (A),  vol.  207  (1907),  p.  171. 
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that  the  most  important  terms  would  be  thoae  containing  harmooies  of  the 
same  types  Si,  Sg,  S3  as  occur  in  the  formula  for  n  We  should,  therefore, 
expect  that  the  shape  of  the  earth,  as  expressed  by  the  contineotal  elevations 
aod  oceanic  depressioDB,  would  be  represented,  at  least  in  its  main  features, 
by  a  formula  of  the  same  type  as  (2),  In  my  paper,  cited  above.  I  made 
a  rotigh  spherical  harmonic  analysis  of  these  elevations  and  depressions. 
Denoting  by  6  the  colatitude,  measured  from  the  Korth  Pole,  and  by  ^  the 
longitudej  measured  eastwards  from  the  meiidiau  of  Greenwich,  I  wrote,  as 
the  most  general  surface  harmonic  which  contains  no  terms  of  degree  higher 
than  the  third,  the  expression 

ip COS  ^  +  J  sin  ^)  %\nB^r  cos  B 

+(«  cos  (^  +  ^  sin  </>)  sin  25  +  (7  cos  2^  +  S  sin  2^)  sin=»  5+ €  (3  cos  2i?  + 1) 

+  a  (cos  35  +  0"6  cos  6)  +  (6  cos  ^  +  c  sin  0)  (sin  5  +  5  sin  Z$) 

H-  {d  cos  2^  +  f  sin  2^)  (cos  5— cos  35)  -h  (/cos  Z^-k^g  sin  30)  (3  sin  5— sin  35)* 

(3) 
and  I  found  for  the  eoefficients  the  values 

p  =  1161,  fj  =  824,  r  =  1407,   «  =  593,  ff  =  661.   y  =  -666,  S  =  -223. 

e  =  283,     a  =  -347,     b  ^  -144,     c  =  9,    d  =  -594,     ^  =  747, 

/=82,    ^7  =  325, 

In  these  equations  the  ratios  of  the  coefficients,  not  their  absolute  values, 
are  representative  of  the  computed  elevations  and  depressions.  The  results 
were  recorded  in  a  chart  (p.  237),  concerning  which  I  observed  (p.  238)  that 
its  chief  defects  were  the  absence  of  any  indication  of  an  Arctic  ocean  and 
the  almost  complete  submersion  of  South  America.  I  stated  also  that  there 
was  no  doubt  that  the  coefficients  could  be  adjusted  to  secure  a  better  agree- 
ment with  the  geographical  facts. 

After  a  fresh  computation  of  the  coefficients,  and  a  somewhat  minute  study 
of  the  elevations  and  depressions  answering  to  each  of  the  terms  of  (3),  I  have 
selected  as  the  best  of  many  tested  sets  of  coefficients*  the  following : — 

p  =  16-5,     q  =  9-5,     r  =  8,     a  =  15,     y3  =  25,     7  =  -7,     S  =  -4, 

6=1,     a  =  —0,     b  =  —1*25,     c  =  —  0*5,     c?  =  0,     e  =  6*5, 

/=  -0-25,     ^7  =  3-5. 

The  result  is  recorded  in  the  annexed  chart.     The  fine  continuous  line  is  a 

♦  Adjustments  of  the  coefficients  to  four  digits  are  not  desirable,  as  nothing  more  than 
«.  rough  general  agreement  is  sought.  Some  of  the  harmonic  functions  in  formula  (3) 
being  capable  of  all  values  between  something  near  to  5*5  and  to  -  5*5,  while  others  He 
between  ±  1,  a  small  difference  in  some  coefficients,  e.g.^  6,  c,  /,  g,  has  more  influence  on  the 
result  tlian  a  like  difference  in  othei-s,  e.g.,  p,  a. 


1908.]      Surface  by  Means  of  Spherical  Harmonics,  etc.  555 

rough  outline  of  the  actual  land  of  the  globe,  drawn  in  such  a  way  that  all 
degrees  of  latitude  or  of  longitude  have  the  same  value  on  the  map ;  the  heavy 
line  is  the  zero  line  of  the  surface  harmonic  with  the  coefficients  here  set 
down ;  the  dotted  line  is  the  contour  line  along  which  the  computed  elevation 
is  equal  to  one-tenth  of  its  maximum  value.  The  computed  elevation  is 
positive  almost  everywhere  in  the  actual  continents,  and  the  zero  line 
runs  nearly  everywhere  in  the  neighbourhood  of  a  line  drawn  between  the 
contour  lines  of  the  surface  of  the  earth  at  1000  fathoms  and  2000  fathoms 
depth.*  The  computed  elevation  is  positive  within  the  Arctic  Ocean,  as  it 
should  be,  for  that  ocean  belongs  to  the  continental  block  but  it  is  only 
moderate  there.  It  is  positive  in  South  America,  except  the  eastern 
extremity  of  Brazil,  and  the  greater  part  of  that  continent  is  represented 
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as  a  r^on  of  superior  elevation.  Thus  the  two  chief  defects  of  the  harmonic 
representation  given  in  the  paper  above  cited  are  not  present  in  the  new 
representation.  In  several  other  parts  of  the  map  the  fitting  of  the  actual 
shape  is  rather  better  now  than  it  was  before.  The  accord  of  the  computed 
results  and  the  geographical  facts  seem  to  be  sufficiently  good  to  warrant 
considerable  confidence  in  the  theory  which  led  to  the  conclusion  that 
harmonic  inequalities  of  the  first  three  degrees  should  be  prominent. 


\Addedy  April  17,  1908. — I  take  this  opportunity  of  correcting  an  error  in 
my  paper,  "The  Gravitational  Stability  of  the  Earth,"  already  cited.     The 

*  Reference  may  be  made  to  the  bathymetric  chart  drawn,  after  Sir  John  Murray,  in 
Ohamberlin  and  Salisbury's  *  Geology,' voL  1,  p.  10  (London,  1906),  or  to  that  drawn,  after 
the  Prince  of  Monaco,  in  i.  Hang's  *  Traits  de  G6ologie,*  vol.  1,  p.  26  (Paris,  1907). 
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equation  (109),  p.  219,  iii  deJucetl  correctly  from  the  ??yatem  of  equations  of 
the  type  (108),  and  the  forme  given  on  pp.  219,  220  for  the  quantities  f,  W 
are  deduced  correctly  from  the  equation  (109),  and  the  condition  that  the 
hounding  surface  is  free  from  preiwure ;  but  the  svRtem  of  equations  of  the 
type  (108)  is  not  satisfied  by  these  forms  for  f,  W,  and  cannot  be  satisfitsd  by 
any  fornis  in  which  f,  W  are  multiples  of  any  surface  harmonic.  This  result 
means  that  the  state  described  in  the  paper  as  one  of  "  lateral  disturbaneo 
with  a  hemispherical  distribution  of  density"  cannot  be  maintained  in  a 
body  devoid  of  iigidity  and  free  from  the  action  of  external  forces.  It  is  not 
difficult  to  show  that,  iu  a  body  of  finite  rigidity,  such  a  state  can  be  a  state 
of  equilibrium ;  and  that,  when  the  initial  state  is,  as  in  the  paper,  one  of 
uniform  density  and  hydrostatic  pressui^,  the  two  chief  features  of  tlie 
strained  state  are  the  same  aa  those  described  in  the  paper.  These  features 
are  (i)  the  formula  for  the  excess  density,  repi-esent^d  grapbieally  in  fig.  1, 
p,  220,  and  (ii)  the  displacement  of  the  surface  of  the  body  towards  one  side 
atid  the  displacement  of  the  equipotential  surfaces  towards  the  other  aide. 
Tlie  theory  of  §  50,  pp.  221 — 224,  must  also  be  corrected  in  a- similar  way; 
but  the  correction  does  not  affect  the  qualitative  result  that,  when  the 
rotation  is  taken  into  acconnt,  spherical  harmonics  of  the  third  degree  must 
be  introduced] 
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The  Relation  between  the  C'rystallme  Form  and  the  Chemical 
Constitution  of  the  Picryl  Derivatives, 

By  Gborge  Jerusalem  and  William  Jackson  Pope,  F.E.S.,  Professor  of 
Chemistry,  Municipal  School  of  Technology,  Victoria  University  of 
Manchester. 

(Received  April  6,— Bead  April  30,  1908.) 

The  general  relation  existing  between  the  constitution  and  the  crystalline 
form  of  chemical  substances  has  been  determined  by  Barlow  and  Pope.* 
It  is  conveniently  illustrated  by  assigning  to  each  atom  present  a  sphere  or 
domain  of  influence,  and  constructing  homogeneous  close-packed  assemblages 
corresponding  in  composition  and  constitution  to  the  compounds  concerned, 
using  spheres  as  structural  units  to  represent  the  spheres  of  atomic  influence. 
On  constructing  such  assemblages  it  is  found  that,  for  their  dimensions  to 
accord  with  the  geometrical  dimensions  of  the  crystal,  the  spheres  of  influence, 
delimited  by  the  polyhedral  cells  enclosed  by  tangent  planes  drawn  through 
the  points  of  contact  of  neighbouring  spheres,  must  possess  volumes  approxi- 
mately proportional  to  the  fundamental  valencies  of  the  corresponding 
elements.  The  assemblages  derived  in  this  way  exhibit  properties  corre- 
sponding with  the  chemical  composition  and  constitution  and  with  the 
crystalline  form  of  the  substance  represented ;  they  are  found  also  to  be 
homogeneously  partitionable  into  units  which  correspond  in  configuration 
with  the  chemical  properties  of  the  substance. 

The  method  of  treatment  here  briefly  indicated  has  been  applied  and 
tested  to  such  an  extent  as  proves  its  general  applicability,  and  demonstrates 
that  the  principle  involved  is  the  correct  one;f  the  conclusion  that  the 
fractions  of  the  molecular  volume  appropriated  by  the  component  atoms  are 
approximately  proportional  to  the  valencies  of  the  respective  elements  has 
also  been  substantiated  by  independent  work  on  the  subject  of  molecular 
volumes.} 

As  the  theory  indicates  that  the  crystalline  forms  exhibited  by  related 
substances  are  derivable  in  a  comparatively  simple  manner  one  from  the 
other,  it  is  desirable  that  groups  of  allied  organic  substances  should  be 
examined,  as  far  as  possible,  by  aid  of  the  new  method.  We  have,  therefore, 
studied  the  whole  of  the  crystallographic  data  available  for  the  derivatives  of 
the  symmetrical  radicle,  picryl,  namely,  1:3: 5-trinitrophenyl,  CeHg  (N0a)3,  and 

♦  *  Trans.  Chem.  Soc.,'  1906,  voL  89,  p.  1675  ;    1907,  vol.  91,  p.  1160. 

t  Jaeger,  *  Trans.  Chem.  Soc./  1908,  voL  93,  p.  617. 

J  Le  Bas,  *  Trans.  Chem.  Soc.,'  1907,  vol.  91,  p.  112 ;  *  PhU.  Mag.,'  1907,  voL  14,  p.  324. 
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for  purposes  of  comparison  have  determined  experimentally  the  geometrical 
constants  of  several  related  substances. 

Two  distinct  assemblages  can  be  devisedp  both  in  accordance  with  the 
crystallographic  and  chetaical  data,  to  represent  the  crystal  structure  of 
benzene  and  its  simple  derivatives;*  it  has  been  shown  that  both  these 
forms  of  assemblage  can  be  traced  among  the  simple  derivatives  of  benzene. 
The  first  assemblage  is  derivable  from  the  closest-packed  assemblage  of 
equal  spheres  of  hexagonal  type^f  and,  taking  the  volnme  of  a  mono- 
valent sphei-e  of  atomic  influence  as  unity,  the  dimensions  of  a  unit  of  the 
partitioning  of  the  assemblage,  namely,  of  the  beuzene  molecule  itself,  are 
determined  by  the  following  rectangular  co-ordinates ; — 

xiy\z^  3*101  :  3'480  ;  2-780. 

These  values  constitute  the  so-called  equivalence  parameter  for  benzene 
and  their  product ;  the  valency  volume,  W  =  30,  is  the  sum  of  the  valencies 
of  the  atoms  composing  the  benzene  molecule,  CaHa. 

The  second  form  of  assemblage  met  with  among  the  simple  derivatives  of 
benzene  is  derived  from  the  closest-packed  assemblage  of  equal  spheres  of 
cubic  type,  and  is  therefore  of  rhombohedral  marshalling;  it  differs  dimen- 
sion tiUy  from  the  hexagonal  type  by  exhibiting  a  smaller  z  value  and  a  larger 
y  value  than  the  former. 

From  the  papers  referred  to  it  appears  that  among  the  simple  derivatives 
of  benzene  the  dimension  z  varies  less  than  do  the  other  two,  namely, 
X  and  y ;  it  would  therefore  seem  that  the  adjustment  of  the  assemblage 
which  restores  close-packing  after  the  introduction  of  a  substituting  group 
into  the  benzene  structure  in  general  exerts  itself  mainly  in  the  directions 
of  X  and  y,  and  only  affects  but  slightly  the  dimension  z.  The  direction  of 
z  is  that  of  the  vertical  dimension  in  the  benzene  molecule,  that  is  to  say, 
of  the  dimension  perpendicular  to  the  two  planes  containing  the  centres  of 
the  two  sets  of  hydrogen  atoms  ordinarily  numbered  1:3:5  and  2:4:6, 
respectively.  It  will  be  shown  below  that  this  approximate  constancy  of 
the  vertical  or  z  dimension  is  maintained  in  the  more  complex  picryl 
derivatives. 

Ammonium  Picrate,  CeHa-l :  3  :  5-(N02)3-ONH4. 

Ammonium  picrate  crystallises  from  water  in  orthorhombic  forms ;  these 
have  been  measured  by  HandlJ  and  by  Laurent,§  who  respectively  assign  to 
the  substance  the  axial  ratios  : — 

♦  *  Trans.  Chem.  Soc.,'  1906,  vol.  89,  p.  1692. 
+  Loc.  cit,  p.  1699. 

X  *  Ber.  k.  Akad.  Wien,'  1858,  vol.  32,  p.  259. 
§  *  Revue  Scient.,'  vol.  9,  p.  26. 
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a  :  &  :  c  =  1  :  0-6787  :  0*3569 
and  a  :  6  :  c  =  1  :  0-6873  :  0-3652, 

the  mean  values  being    «  :  6  :  c  =  1  :  0-6830  :  0-3611. 

Crystals  much  more  suitable  for  exact  measurement  than  these  are  obtained 
by  crystallising  the  salt  from  acetone,  in  which  it  is  fairly  soluble;  on 
allowing  the  acetone  solution  to  evaporate  spontaneously  at  the  ordinary 
temperature,  large  transparent  yellow  crystals  of  hexagonal  habit  are 
deposited.  The  bright  yellow  colour  *of  the  crystals  thus  produced  is  quite 
distinct  from  the  red  tint  sometimes  assumed  by  ammonium  picrate.* 
The  forms  a  {100}  and  c  {001}  are  generally  the  best  developed,  and  q  {021} 
was  only  observed  on  one  crystal ;  the  following  results  were  obtained  on 
measurement : — 

Crystal  System.     Orthorhombic. 

a  :  &  :  c  =  1-8914  :  1  :  1*3871. 

Forms  observed:  a{100},  c{001},  r{201},  ^{021},  and  o{lll}. 


Angle. 

Number  of 
obBeiratioDs. 

Limits. 

Mean. 

Calculated. 

001  :201 

15 

55° 

83'— 55° 

56' 

65° 

42'   50" 

100  :  111 

12 

e% 

84—66 

53 

66 

47    10 

— 

001  :  111 

20 

57 

21—57 

58 

57 

32    20 

5r  29'   80" 

111  :  111 

8 

64 

49—66 

17 

64 

59      0 

65       I      0 

201  :  201 

5 

68 

21—68 

58 

68 

85    40 

68    84    10 

201  :  111 

9 

60 

66—51 

20 

51 

5    80 

51      8    60 

111  :  021 

4 

27 

46—27 

51 

27 

47      0 

27    66    10 

001  :  021 

2 

70 

17—70 

22 

70 

19    80 

70    10    40 

The  form  o  {111}  has  not  previously  been  observed  on  ammonium  picrate 
crystals.  The  crystals  exhibit  a  perfect  cleavage  on  a  {100};  this  is  also 
the  optic  axial  plane,  and  the  axis  6  is  the  acute  bisectrix.  The  optic  axial 
dispersion  is  very  marked ;  the  angle  for  red  is  much  larger  than  that  for 
yellow  light. 

The  crystals  deposited  from  water  and  from  acetone  are  evidently  of 
identical  structure,  for,  on  writing  the  axial  ratios  now  given,  namely, 

a  :  &  :  c  =  18914  :  1  :  1-3871, 
in  the  form        a' :  6' :  c'  =  1  :  a/2c  :  l/2c  =  1  :  06818  :  03609, 

the  result  is  practically  identical  with  the  mean  of  the  measurements  of 
Handl  and  Laurent,  namely, 

a  :  6  :  c  =  1  :  0*6830  :  03611, 
♦  Silberrad,  'Trans.  Chem.  Soc.,'  1908,  vol.  93,  p.  477. 
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On  calculating  the  equivalence  parameters  of  ammonium  pi  crate  from  our 
determination  of  the  axial  ratios,  taking  the  valency  volume  of  the  molecuW^ 
C^Hj(NOa)30NH4,  as  W  =  56,  the  following  values  are  obtained: — 

For  comparison  with  these  aqui valence  parameters  it  is  convenient  to 
caleiilate  those  of  potassium  picrate ;  this  salt  is  orthorhombic  with 

aib:c  =  1-4352  :  1  :  10616,* 

and  by  tranepositiou  the  axial  ratios  may  be  obtained  in  the  form 

a:b:c  =  2:  1'0616  :  1-4352  =  1-8839  ;  1  ;  r3519. 

The  latter  values  show  clearly  the  iaomorphism  of  this  salt  with  the  previous 
one;  the  equivalence  parameters  of  potassium  picrate,  C(jH3(NOa)30K,  with 
W  =  50j  are  calculated  from  the  last  form  of  the  axial  ratios  as 

x:i/:z  =  5*082  :  2-699  :  3^647. 

It  is  seen  that  on  passing  from  the  potassium  to  the  ammonium  salt  the 
principal  increase  amongst  the  equivalence  parameters  occurs  in  the  direc- 
tions X  and  z,  whilst  the  value  of  i/  changes  to  a  smaller  extent^  uamely,  from 
2*699  to  2776.  The  dimension  i/  in  the  cases  of  these  salts  obviously 
corresponds  to  the  dimension  z  =  2*780  in  l>enzene  itself,  and  this  dimension, 
as  remarked  above,  is  the  one  of  the  three  which  tends  to  change  least  on 
simple  substitution. 

Ammonium  picrate  has  the  same  valency  volume,  W  =  56,  as  the 
orthorhombic  1  :  3  :  5-trinitrobenzoic  acid,  C6H2  (N02)3CO.OH,  with  the  axial 
ratios 

a  :b:c  =  0-8770  :  1  :  0o715,t 

on  interchanging  in  these  axial  ratios,  c  and  h,  h  and  a,  and  a  and  c,  these 
values  become 

a:b:c=l:  05715  :  08770  =  1-7497  :  1  :  1-5346. 

This  set  of  axial  ratios  corresponds  to  the  equivalence  parameters 
x:y:z  =  4-816  :  2753  :  4224. 

The  y  value  again  corresponds  closely  to  that  of  ammonium  picrate  and 
to  the  z  value  of  benzene,  so  that  on  replacing  the  group,  ONH4,  in  the  salt 
by  the  group,  CO2H,  of  the  same  valency  volume,  W  =  9,  the  vertical  benzene 
dimension  is  sensibly  preserved. 

The  methyl  ether  of  picric  acid,  1  :  3  :  5-trinitroanisol,  C6H2  (N02)30CH3, 

*  Brugnatelli,  *  Zeitschr.  Kryst.  Min.,'  1895,  vol.  24,  p.  277. 
t  Friedlander,  *  Zeitschr.  Kryst.  Min.,'  1877,  vol.  I,  p.  623. 
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also  has  the  same  constitation  and  valency  volume,  W  =  56,  as  ammonium 

picrate;    it  crystallises    in   the    monosymmetric  system*   with   the    axial 

ratios 

a  :  6  :  c  =  1-4635  :  1  :  22211,  /3  =  50°  48'. 

These  axial  ratios  may  be  transposed  by  assigning  to  the  planes  (100), 

(lOT),  and  (110)  the  indices  (lOl),  (001),  and  (111),  respectively,  and  then 

become 

a  :  J  :  c  =  17225  :  1  :  1-4635,  /3  =  91°  59'. 

The  equivalence  parameters  corresponding  to  these  axial  ratios  are 

x:y:z  =  4*843  :  2811  :  4*115,  /3  =  91°  59'  or  89°  1'. 

The  y  value  is  again  approximately  equal  to  the  z  value  for  benzene,  and 
the  substitution  of  the  methoxyl  group,  .OCHa,  for  .ONH4  or  .CO2H,  has 
efiTected  but  little  change  in  the  dimensions  of  the  crystal  structure. 

Picraraide,  C6Ha(N02)8NHa,  which  may  be  regarded  as  derived  from 
ammonium  picrate  by  the  elimination  of  one  molecule  of  water,  crystallises 
in  the  monosymmetric  system  withf 

«:&:(;  =  0-838  :  1  :  06638,  /3  =  80°  11'. 

After  dividing  the  length  6  by  two,  so  that  the  axial  ratios  become 

a  :  J  :  c  =  1-676  :  1  :  1-3276,  p  =  80°  11', 

and  calculating  the  equivalence  parameters,  taking  the  valency  volume  as 
W  =  52,  the  following  values  are  obtained  : — 

x:y:z:=  4-815  :  2-873  :  3*814,  /3  =  80°  11'. 

The  y  value  differs  rather  more  than  before  from  the  z  value  for  benzene, 
but  the  z  value  is  almost  the  same  as  for  ammonium  picrate. 

The  symmetrical  trinitrotoluene,  CeHj-l :  3 : 5-(N'02)3-6-CH3,  has  a 
valency  volume  two  units  less  than  that  of  ammonium  picrate  and  trinitro- 
anisol,  namely,  W  =  54,  and  crystallises  in  the  orthorhombic  system  with 

aihic^^  0-9373  :  1  :  0-6724.+ 

On  dividing  the  length  I  by  two,  as  in  the  previous  case,  so  as  to  obtain  the 
axial  ratios  in  the  form 

a  :  J  :  c  =  18746  :  1  :  1-3448,   . 

and    calculating    the    equivalence    parameters,    the    following    values    are 
obtained : — 

x:y:z=^  5206  :  2777  :  3735. 

♦  Friedliinder,  'Zeitschr.  Kryst.  Min.,'  1879,  vol.  3,  p.  173;   compare  Jaeger,  ibid.^ 
1905,  vol.  40,  p.  565. 
t  Friedlander,  loc,  cU, 
X  Friedlander,  loo.  9it 
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lu  this  case  both  the  x  and  y  values  are  nearly  identical  with  those  for 
ammonium  picrat^,  and  the  eflfect  of  the  change  of  valency  volume  is  thrown, 
in  tha  main,  upon  the  direction  z, 

Picryl  chloride,  CollaCl-l :  3 : 5"(N03)3,  derived  from  picric  acid  by 
substituting  chlorine  for  hydros yl,  has  the  valency  volume  W  =  48,  and 
crystallises  in  the  monosymmetric  system  with 

fl  :  6  :  c  =  r83288  :  1  :  0-81135,  ^  =  77^  9' ♦ 

On  traueposing  the^e  axial  ratios  so  that  the  planes  (001),  (101),  (lOl)i  and 
(110)  become  respectively  (103),  (lOl),  (301),  and  (110),  the  following  values 
Tfi^ijlt  * 

a  :  6  :  c  =  Vl^U  :  1  : 1'2175,  /3  =  90^  4'. 

The  corresponding  equivalence  parameters  are 

x:y.z  =  5013  :  2  804  :  3  414,  ^  =  90°  4'  or  89"^  56', 

The  y  dimension  in  this  case  also  retaios  approximately  its  previous  value. 

Styi>hnic  acid,  CaH  (0H)3-1 :  3  : 5-(N0a)»,  the  monohydroxy*derivative 
of  picric  acid,  separates  on  spontaneous  evaporation  of  its  alcoholic  soiutioa 
in  large  straw-yellow  prisms  belonging  to  the  hexagonal  system ;  the 
following  results  were  obtained  on  measurement ; — 

Crystalline  System,     Hexagonal 

a:c=  1  :  1-3890. 

Forms  observed  :  {1011},  {1010},  {ll50}.  and  {0001}. 


Angle. 

lOll  :  Olll 
0001  :  Olll 
1120  :  Olll 
lOlO  ;  lOll 

i 

Number  of 
observations. 

Limits. 

Mean. 

CalciUated. 

8 

15 
6 
5 

50°   17'— 50"^     3' 
57     45-58     25 
42     37—43       5 
31     42—32       5 

50°   12'   40" 
58       2     50 
42     43     30 
31     57       0 

58°     3'    20" 
42     42     10 
31     56     40 

The  first  angle  quoted,  namely,  50°  12'  40",  has  been  given  by  Ditscheinerf 
as  50°  12'.  On  examining  a  section  cut  perpendicular  to  the  principal  axis, 
the  uniaxial  interference  figure  of  the  normal  type  is  seen ;  the  double  refrac- 
tion is  strong  and  negative  in  sign.  No  indications  were  obtained  of  the 
hemimorphous  development  described  by  Lehmann.J 

For  the  purpose  of  comparing  this  substance  with  those  discussed  above, 

*  Bodewig,  '  Zeitschr.  Kryst.  Min.,'  1879,  vol.  3,  p.  398. 

t  *  Annalen,'  1871,  vol.  158,  p.  247. 

I  *  Zeitschr.  Kryst.  Min.,'  1882,  vol.  6,  p.  51. 
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its  crystal  form  is  conveniently  referred  to  an  orthorhombic  axial  system,  in 
which  the  new  ratio 

a'  :  J'  :  c'  =  av/3  :  a  :  c  =  1-7321  :  1  :  1-3890. 
The  equivalence  parameters  of  styphnic  acid,  for  which  W  =  52,  are  thence 

calculated  as 

x:y:z=i  4-825  :  2-786  :  3-869. 

The  y  value  is  again  practically  identical  with  the  z  value  for  benzene. 

The  symmetrical  trinitrophloroglucinol  crystallises  with  water,  the  crystals 
having  the  composition,  Ce  (0H)3-1 : 3 : 5-(N02)3,  H2O,  and  belonging  to 
the  hexagonal  system  with 

a  :  c  =  1  :  10346.* 

On  increasing  the  length  c  by  one-half  and  referring  the  axial  ratios  to  an 
orthorhombic  system  of  axes  just  as  in  the  previous  case,  the  axial  ratios 

a  :  6  :  c  =  1-7231  :  1  :  15519 

are  obtained.  The  equivalence  parameters  calculated  from  these  values, 
taking  W  =  58,  are 

x:y:z  =  4822  :  2784  :  4-320. 

The  values  for  x  and  y  are  practically  identical  with  those  for  styphnic  acid, 
so  that  the  morphotropic  efifect  of  introducing  the  group,  OH,  HaO,  in  place 
of  a  hydrogen  atom  in  the  styphnic  acid  assemblage  is  merely  to  increase 
the  dimension  z.  Cases  of  very  similar  character  to  this  occur  among  the 
minerals  of  the  humite  series  and  between  camphoric  anhydride  and  the 
addition  compound  of  camphoric  acid  with  acetone.f 

The  above  results  show  that,  by  applying  the  method  given  by  Barlow 
and  Pope  to  the  crystallographic  data,  an  extensive  series  of  picryl  derivatives 
can  be  at  once  referred  in  a  very  simple  manner  to  the  hexagonal  assemblage 
described  for  benzene.  The  following  picryl  derivatives  seem  to  be  derived 
from  the  alternative  benzene  assemblage,  that,  namely,  which  possesses  the 
rhombohedral  type  of  marshalling. 

The  symmetrical  trinitrobenzene,  1 :3:5-C6H8(N02)8,  is  orthorhombic 
with  the  axial  ratios^ 

a  :  J  :  c  =  09540  :  1  :  07330. 

On  dividing  the  length  I  by  two,  so  as  to  obtain  the  axial  ratios 
a  :  6  :  c  =  1-9080  :  1  :  1-4660, 

*  Ditacheiner,  *Zeit8chr.  Kryst.  Min.,'  1881,  vol.  5,  p.  646. 
t  *  Trans.  Chem.  Soc.,*  1906,  voL  89,  p.  1685. 
X  Friedlander,  loc.  cit.,  p.  170. 


564 


Mr,  G.  Jerusalem  and  Prof.  W,  J,  Pope.  [Apr.  6, 


and  Galoulating  the  equivalenoe  parameters,  with   W  ^  43,  the  following 

values  result : — 

x:y:z  =  4  921  :  2'579  :  3  78L 

The  y  value  is  in  this  case  much  smaller  thau  among  the  previoxisly  discussed 

BubstanceB. 

The  1:3:  o-trinitrobenzene  is  identical  in  conatitution  and  ralency  volume 

with  the  tribrouio-I  :  3-dinitro-5-methylbeti2ene,  and   the   two  substances 

are  moiTihotropically  very  elosely  related;    the   latter  is  mouosymmetric 

with* 

allien  0*5217  : 1  :  0  7803,  0  =  85^  12', 

On  interchanging  tha  axial  dtrectionB  a  and  b,  the  axial  ratios  are  obtained 

in  the  form 

a:h:c^  1*9168  :  1  ;  1-4957,  a  =  85^  12'. 

Tliaae  values  correapond  to  the  equivalence  parameters 

a? : y  :  2  =  4'909  :  2561  :  3'831,  a  =  85^  12'. 

The  above  numbers  show   that  in   the  pasaage  from  the  symmetrical 

tri nitrobenzene  to  the  dinitrotribromotoluene  of  similar  constitution,  wliich 
results  from  replacing  one  nitro-group  in  the  former  by  a  methyl-group  of 
the  same  valency  volume,  and  replacing  three  hydrogen  atoms  by  three 
bromine  atoms,  also  of  the  same  valency,  practically  no  change  is  effected  in 
the  relative  dimensions ;  the  equivalence  parameters  are  scarcely  affected  by 
the  substitution. 

It  has  been  already  remarked  that  the  differences  in  dimensions  between 
the  benzene  assemblages  of  hexagonal  and  of  rhombohedral  marshalling  are 
greatest  in  the  directions  of  y  and  z,  so  that  the  dimension  x  remains  nearly 
the  same  in  both.  A  similar  correspondence  would  be  expected  to  hold 
among  the  derivatives  of  benzene,  and  accordingly  it  is  found  that  the 
X  values,  4*909  and  4-921,  of  the  dinitrotribromotoluene  and  the  trinitro- 
benzene  respectively,  are  nearly  identical  with  the  x  value,  5'013,  of  picryl 
chloride,  the  three  substances  having  the  same  valency  volume. 

These  correspondences  strongly  indicate  that  the  above  two  substances 
exhibit  in  their  crystalline  structure  the  second  form  of  the  benzene 
assemblage;  the  same  conclusion  presumably  holds  for  picric  acid  and 
picryl  iodide,  both  of  which  crystallise  in  pseudo-cubic  forms. 

Picric  acid  crystallises  in  the  orthorhombic  system  with 
a:b:c=^  1*0305  :  1  :  l*0434,t 
and  has  the  valency  volume  W  =  50.     The  equivalence  parameters  are 
x:7j  :z  =  3*706  :  3*596  :  3*752. 

*  Jaeger,  *  Zeitschr.  Kryst.  Min.,'  1905,  vol.  40,  p.  360. 

t  Brugnatelli,  *  Zeitschr.  Kryst.  Min.,'  1895,  vol.  24,  p.  277. 
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Picryl  iodide,  CflH2l-l :  3  : 5-(N02)3,  with  W  =  48,  crystallises  in  the 
tetragonal  system  with 

a  :  c  =  1  :  1-958.* 

On  halving  the  length  c,  and  writing  the  axial  ratios  in  orthorhombic  form, 
the  equivalence  parameters  are  obtained  as 

x:y:z-  3*660  :  3583  :  3-660, 

These  values  approximate  very  closely  to  those  obtained  for  picric  acid, 
and  indicate  that  the  replacement  of  iodine  in  picryl  iodide  by  hydroxyl,  to 
yield  picric  acid,  results  in  the  corresponding  assemblage  being  slightly 
expanded  in  all  directions,  in  accordance  with  the  second  geometrical 
property  described  by  Barlow  and  Pope.t 

The  equivalence  parameters  determined  in  the  previous  pages  are  collected 
in  the  following  table. 


!                   Substance.                   |       x      :     y      i      z 

i                                                    i 

i 

w. 

Crystal  ajatem. 

Substances  of  Hexagonal  Marshalling 

CjHj  (^  xs  ix) 

3  -480  :  2  780  :  3  -101 

9(f 

30 

Orthorhombic. 

l:3:5-€«Ha{NO^)aONH4.,. 

5  -251  :  2  -776  :  3  852 

90° 

56 

)i 

l:3:5-CJL(NOJ,OK  ...... 

5  082  :  2  699  :  3  -647 

90° 

50 

It 

1:3:  5-C,H.(NO.>)iC05H  ... 

4  -816  :  2  -758  :  4  -334 

90° 

56 

1:3:  5-C,H:(NO3)5O0Hi  ... 

4  -843  :  2  -811  :  4  115 

89°    1' 

56 

Monosymmetric. 

1  :  3  :  5^CJL(N0>)jNn,     ... 

4  -816  :  2  -873  :  3  '814 

80°  11' 

52 

vy 

1  :  3  :  5^C,n;(^NO.)sCU, 

5  -206  :  2  -777  :  3  -735 

90° 

54 

Orthorhombic. 

1  :  3  :  5-C„H,{N0,hCl    

5  -013  :  2  -804  :  3  414 

89°  56' 

48 

Monosymmetric. 

1:3:  5-C,H{NOa),(0H),  ... 

4 -825:  2 -786:  3 -869 

90° 

52 

HexagonaL 

1:3:  5-CNOj)  A(0H)8,HsO 

4  -822  :  2  -784  :  4  -820 

90° 

58 

a 

Substances  of  Khombohedra 

J  Marshallin 

g- 

1:8:  5-C«H3(NO.),    |  4  '921  :  2  -579  :  8  781 

90° 

48 

Orthorhombic. 

1  :  3  :  5— CjBrsCNOjCH,    ...    4 -909  :  2  561  :  3 •  831 

a  =  85°  12^ 

48 

Monosymmetric. 

1:8:  5— CftHjrNOjJsOH 

1  :  8  :  5— C6H2(N03)3l  

8  -706  :  8  -696  :  3  572 

90° 

50 

Orthorhombic. 

3  -660  :  8  -588  :  3  -660 

90° 

48 

TetragonaL 

An  inspection  of  the  equivalence  parameters  of  those  picryl  derivatives 
which  assume  the  hexagonal  type  of  marshalling  shows,  as  previously  noted, 
that  the  substitution  in  the  benzene  assemblage  occurs  so  that  groups  which 
enter  the  benzene  assemblage  as  substituting  radicles  are  accommodated  as 
the  result  mainly  of  an  expansion  of  the  assemblage  in  the  directions  of 
X  and  y ;  the  z  dimension  of  benzene  can  thus  be  distinctly  traced  throughout 
the  series  of  picryl  derivatives  as  the  y  dimension  of  the  latter.     This  conclu- 

♦  Feb,  *  Zeitschr.  Kryst.  Min.,'  1900,  vol.  32,  p.  364. 
t  *  Trans.  Chem.  Soc.,'  1907,  vol.  91,  p.  1204. 


566  Crystalline  Form^  etc.^  of  the  Picryl  Derivatives^ 

sion  mdicates  that  the  columns,  consisting  of  supei-poaed  layers  of  three 
triangularly  arranged  carbon  spheres,  which  form  the  skeleton  of  the 
crystalline  l>enzene  assemblage,*  exist  in  all  these  crystaUine  substances, 
and  that  the  corresponding  assemblages  are  derived  by  pushing  these 
columns  apart  and  packing  the  substituting  groups  into  the  space  thus 
provided.  The  equivalence  parameters  now  given  furnish  the  data  requisite 
to  the  construction  of  digrams  similar  to  those  previously  given  by  Barlo^v 
and  Pope,  which  show  the  precise  mutual  arrangement  of  the  constituents  of 
the  substituting  radicles  in  the  picryl  derivatives. 

If  the  oonclueion  drawn  concerning  the  existence  of  the  colurana  of  carbon 
sphere  in  these  assemblages  ia  of  general  application,  it  should  be  possible  to 
detect  the  t  dimension  for  benzene  throughout  all  the  benzene  derivatives  of 
hexagonal  marshalling* 

No  difliculty  appears  to  exist  in  applying  the  method  of  treatment  used  in 
this  paper  to  the  more  eomplex  picr}'l  derivatives.     Thus,  acetamide  pierate, 
CHs.CO.NH3,  0#Ha  (N03)30H,  crystallises  in  the  orthorhombic  systemf  with 
«:&:€  =  0*4849  :  1  :  0'3544. 

The  valency   volume,  W  =  68,  and  the  corresponding  equivalence   para^ 

meters  are 

;p :  y :  a  =  3-560  :  7-342  :  2'602, 

Further,  isoapiol  pierate,  C12H14O4,  CeHj  (N02)30H,  crystallises  in  the 
monosymmetric  system;!:  with 

a  :  &  :  c  =  09163  :  1  :  04226,  /3  =  89"  55'. 

The  valency  volume,  W  =  120,  and  the  corresponding  equivalence  para- 
meters are 

x:y:z=  6-201  :  6767  :  2*860,  ^  =  89°  55'. 

In  each  of  tliese  cases  one  of  the  three  equivalence  parameters  has  a  value 
not  greatly  different  from  the  value,  2  =  2*780,  for  benzene ;  this  would  be 
expected  if  the  columns  of  carbon  spheres  present  in  the  benzene  assemblage 
remain  intact  in  these  compounds. 

♦  *  Trans.  Chem.  Soc.,'  1906,  vol.  89,  p.  1695. 

t  Wyrouboff,  *  Ann.  Chim.  Phys.,'  1895  (7),  vol.  5,  p.  99. 

X  Boeris,  *Zeitschr.  Kryst.  Min.,'  1905,  vol.  40,  p.  106. 
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A  Piiotographic  Determination  of  the  Elements  of  the  Orbits 

of  Jupiter* s  Satellites. 
By  Bryan  Cookson,  M.A.,  Mackinnon  Student,  July,  1904 — July,  1906. 

(Communicated  by  H.  F.  Newall,  F.R.S.    Eeceived  April  13,— Read 
April  30,  1908.) 

During  the  opposition  of  Jupiter  in  1902,  the  writer,  by  Sir  David  Gill's 
kind  permission,  was  engaged  in  making  a  series  of  measurements  of  the 
relative  positions  of  the  four  Galilean  satellites  with  the  7-inch  heliometer 
at  the  Cape  Observatory.  Simultaneously  with  these  visual  observations, 
photographs  were  taken  with  the  astrographic  telescope.  This  paper 
contains  a  short  account  of  the  work  done  in  connection  with  the  photo- 
graphs ;  a  detailed  account  htw  appeared  as  vol.  12,  part  IV,  of  the  'Annals 
of  the  Cape  Observatory.' 

The  theory  of  the  motions  of  Jupiter's  satellites  is  one  of  the  most 
interesting  in  celestial  mechanics,  and  in  order  to  test  the  existence  of  some 
remarkable  theoretical  inequalities,  it  is  necessary  to  possess  an  accurate 
knowledge  of  the  elements  of  the  orbits.  At  the  present  time  we  do  not 
possess  this  knowledge  and  it  was  with  a  view  of  contributing  towards  its 
attainment  that  the  writer  undertook  these  investigations. 

The  investigation  with  the  heliometer  was  undertaken  with  the  object  of 
determining  the  mass  of  Jupiter  and  correcting  the  best  available  elements  of 
the  orbits  of  the  satellites,  which  observation  showed  were  considerably  in 
«rror.  The  object  in  view  in  taking  the  photographs  was  to  compare  the 
visual  and  photographic  methods  and  to  see  whether  the  much  less  laborious 
and  more  convenient  methods  of  photography  would  yield  results  of  the 
same  high  order  of  accuracy  as  the  heliometer. 

The  number  of  photographs  which  were  measured  and  discussed  is 
35.  The  measurement  of  them  was  carried  out  at  the  Cape  in  duplicate 
by  Mr.  Lo  winger  and  the  writer,  the  measuring  micrometer  being  one  of 
those  used  for  measuring  the  plates  of  the  astrographic  catalogue.  Nearly 
all  the  reductions  were  made  by  the  writer  after  his  return  to  England 
from  the  Cape.  Owing  to  the  special  nature  of  the  photographs,  the  usual 
method  of  determining  the  plate  constants  could  not  be  employed.  The 
usual  procedure  is  to  determine  the  three  constants  of  plate-centre,  scale- 
value,  and  orientation  from  measurements  of  three  or  more  stars  whose 
meridian  places  are  known.  In  the  present  case  this  method  was  impractic- 
able because  the  brightness  of  the  satellites  made  it  necessary  to  cut  down 
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the  aperture  of  t ha  object-glass ;  with  the  reduced  aperture  none  but  bright 
stara  could  \m  photogra|>hed  in  the  eame  field  with  the  planet,  and  of  these 
there  were  not  enough.      But  the  same  two  standard  stars  as  were  used 

in  the  helionieter  investigation  were  brigtit  enough  to  leave  measurable 
images  on  the  l,>kit^^  and  from  them  two  of  the  constants,  uamelyi  scale- 
value  and  orientation  (referred  to  the  eartli'8  mean  equator  of  1902),  were 
detennined  for  every  plate.  The  orientation  was  alao  determined  iude- 
peudeutly  from  njeaeurementa  of  the  trail  of  one  of  the  satellites. 

It  was  important  that  the  orientation  sliould  be  determined  with  special 
care,  for  on  it  depend  the  values  found  for  the  inelinattond  and  nt)deB  of  the 
orbits  of  the  satellites.  The  remaining  constant,  vir  the  plate  centre,  did 
not  enter,  for  the  quantities  whtcJi  were  to  be  given  by  meaaurement  were 
the  differeneea  between  the  eo-ordinatea  of  Jupiter's  centre  and  tho  centres 
of  the  satelliteR.  Thus  the  measured  co-ordinate  of  a  satellite  re  fenced  to 
Jupiter's  centre  as  origin  and  corrected  for  scale- value,  orientation,  and 
refraction,  is  its  co-ordinate  referred  to  axea  paraUel  and  perpendicular  to  a 
plane  parallel  to  the  earth's  mean  equator  of  1902  and  passing  through 
Jupiter's  centre.  The  uncertainty  in  the  measurement  of  the  position  of 
Jupiter's  centre,  which  arose  from  the  ill-defined  image  of  the  planet's  disc 
on  the  photographic  plate,  was  eliminated  by  a  process  of  successive  approxi- 
mation, which  will  1>e  ex'plained  presently.  The  theory  with  which  the 
observations  were  compared  was  that  of  Souillart.  Marthas  Tables,  which 
are  based  upon  this  theory  and  were  published  in  the  'Monthly  Notices 
Roy.  Astr.  Soc.,'  vol.  51,  were  used,  with  certain  corrections,  for  calculating 
the  values  of  the  longitudes  and  radius  vectors.  The  calculated  co-ordinates 
were  rectangular  co-ordinates  referred  to  axes  parallel  and  perpendicular  to 
Jupiter's  equator,  the  origin  being  at  the  planet's  centre.  By  the  choice 
of  the  equator  of  Jupiter  instead  of  the  earth's  as  plane  of  reference,  this  part 
of  the  work  was  much  simplified. 

In  order  to  simplify  the  numerical  work  still  further,  the  axes  of  reference 
for  the  measured  co-ordinates  were  rotated  into  parallelism  with  axes  parallel 
to  Jupiter's  equator. 

Corrections  were  sought  to  all  the  elements  of  the  orbits  excepting  the 
mean  motions,  which  could  only  be  determined  by  a  series  of  observations 
extending  over  a  much  greater  period  of  time  than  that  covered  by  the 
present  series. 

Corrections  were  also  sought  to  the  coefficients  of  the  "  Great  Inequalities  " 
in  the  motions  of  the  three  inner  satellites,  inequalities  which  arise  from  the 
near  commensurability  of  their  mean  motions.  Since  the  equations  for  the 
four   satellites   had   no   unknown   quantity   in   common,   the   four   sets    of 
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equations  could  be  solved  separately.  The  values  of  the  unknowns  were 
found  by  the  method  of  least  squares,  and  were  substituted  in  the  *  original 
equations  of  condition.  If,  now,  an  error  had  been  made  in  measuring  the 
position  of  the  centre  of  Jupiter's  disc  on  any  given  plate,  this  error  would 
be  common  to  the  measurements  of  all  four  satellites  on  that  plate,  and  would 
appear  as  a  residual  common  to  the  four  equations  derived  from  that  plate. 

Accordingly,  the  mean  residual  for  every  plate  was  found  and  was  applied 
as  a  correction  to  the  measured  co-ordinates  of  the  four  satellites.  Thus 
corrected  the  equations  were  solved  again.  In  this  way  a  second  approxima- 
tion to  the  values  of  the  unknowns  was  arrived  at.  The  mean  residuals 
from  this  second  approximation  were  now  all  so  small  as  to  have  no  prac«* 
tical  significance,  and  the  second  approximation  to  the  values  of  the  unknowns 
was  taken  as  final.  The  agreement  between  these  values  and  those  found 
from  the  heliometer  investigation  was  satisfactory ;  many  of  the  unknowns 
did  not  differ  by  more  than  their  probable  errors,  and  the  numerical  results 
are  in  general  the  same. 

In  point  of  accuracy,  as  measured  by  interagreement  of  the  observations^ 
the  photographic  method  is  more  accurate  than  the  heliometric.  The  probable 
error  of  a  visual  observation  of  weight  unity  was  about  ±0"'095,  whereas 
that  of  a  photographic  observation  was  ±0"*061.  Moreover,  it  may  be 
pointed  out  that  the  measurements  of  the  photogmphs  were  not  made  on 
a  measuring  micrometer  designed  to  attain  the  highest  accuracy;  a  more 
elaborate  measurement  might  have  given  even  better  results.  On  the  other 
hand,  for  this  particular  class  of  visual  observations  the  heliometer  is  the 
most  refined  instrument  known,  but,  nevertheless,  the  probable  error  of  one 
observation  of  a  large  series  has  not  yet  been  brought  below  ±0''*080. 
Thus,  in  point  of  accuracy,  the  photographic  method  is  superior  to  the 
heliometer.  But  perhaps  the  heliometer  is  superior  in  its  more  probable 
freedom  from  systematic  error ;  in  measurements  of  absolute  angular  distances, 
the  heliometer  is  to  be  preferred  chiefly  on  account  of  the  difficulty  of 
determining  the  optical  distortion  of  a  photographic  lens. 

A  knowledge  of  the  mass  of  a  planet  attended  by  satellites  is  arrived 
at  by  observation  of  their  times  of  revolution  and  of  their  mean  distances 
from  the  planet.  It  is  necessary  that  observation  should  provide  the  values 
of  the  mean  distances  expressed  in  absolute  angular  measure,  and  for  this 
purpose  the  heliometer  is  the  most  suitable  instrument,  provided  the  satellites 
are  bright  enough. 

The  mass  of  the  system  of  Jupiter,  in  terms  of  the  sun's  mass,  was  deter- 
mined with  great  care  from  the  heliometer  observations.  The  value  finally 
deduced  is  1  :  1047-30 ±006. 
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As  to  tlii)  nnsthcMl;*  of  nKitiction,  Uib  photographic  is  much  the  le^ 
laborious  of  the  two.  an  ad  vantage  which  arises  chiefly  from  tlie  use  of 
rectangular  co-ordinatea  referred  to  conveniently  chosen  axes.  At  some 
future  date  it  will  be  necessary,  in  ordei'  to  find  the  values  of  the  secular 
variations  of  the  elements,  to  reoljserve  the  positions  of  the  satellitea,  and 
th^'ie  can  be  little  doubt  that  the  best  and  moBt  couvenient  method  of 
tiiEikiJig  the  oh&er\'ation»  will  be  the  photographic  method. 

One  of  the  most  i-e  mark  able  of  Laplace's  the^jretical  discoveries  was  that 
the  well-known  i^elation  between  the  longitudes  of  the  first  three  satellites 
oscillated  about  a  mean  position,  that  is,  when  expressed  analytically, 

€1  -  3ejj  +  2e3  =  1  ^<f  - 1>  sin  {M + E), 
wliore  D  and  E  are  two  constants  of  integration  and  b  can  be  regarded  m  a 
kiiown  function  of  the  masses  of  the  three  satellites  of  the  form 

This  periodic  term  was  called  by  Laplace  the  libration. 

(Ince  the  masfiea  are  known,  the  period  becomes  known,  but  D  and  E  must 

be  deteimined  by  observation.     Eclipse  obBervations  failed  to  show  E,  and 

the  reason  given  was  that  E  was  too  small  to  be  detected  by  observation* 

But  the  more  probable  reason  is  that,  since  the  necessary  eclijise  observations 

extend    over  a   con.ii(l(Taljlo  period   of   time,   they  must  be   combined   by 

assuming  the  period  27r/6  to  be  known ;  if  the  period  is  not  known,  or  if  a 

-wrong  value  is  assigned  to  it,  the  coefficient  1)  cannot  be  found.     Since  the 

period  is  a  function  of  the  masses,  the  masses  must  be  known  before  eclipse 

•  observations  can  be  expected  to  reveal  the  value  of  the  coefficient.     But 

values  of  the  masses  are  still  very  doubtful :  the  masses  of  satellites  II  and 

III  are  fairly  well  known  to  within  4  or  5  per  cent.,  but  the  masses  of  both 

I  and  IV  are  doubtful  to  the  extent  of  50  per  cent.,  and  the  period  of  the 

libration  varies   according   to   the  values  adopted  from   4-5    to   6*2   years. 

Hence,  eclipse  observations  cannot  be  expected   to  disclose   the   value   of 

Laplace's  libration.     The  values  of  6i,  ea,  63  can,  however,  be  determined  with 

great  weight  by  heliometric  or  photographic  observations  extending  over  only 

threes  or  four  months.     Hence  the  heliometer  or  photograpliic  telescope  may 

succeed  where  eclipse  observations  have  failed.     The  values  of  ei  — 3€2-h2€3 

found  by  the  writer  are  as  follows : — 

With  heliometer  at  epoch  1901.61 ei-3€3  +  2€3  =  180^ +  0°-002± 0^02;? 

With  heliometer  at  epoch  1902.60 180°-h0°164±0°-0l7 

With  photographs  at  epoch  1902.60  ...  180° -|-0°-202± 0^-017 

But  it  is  not  yet  safe  to  conclude  that  the  whole  of  this  is  due  to  Laplace's 
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libration :  we  must  first  be  satisfied  that  the  quantities  ei,  62,  €3  do  truly 
represent  mean  longitudes  and  that  they  include  no  erroneous  or  unknown 
inequalities  in  longitude.  This  would  entail  a  thorough  revision  of  the  whole 
theory  of  the  satellites.  Observation,  then,  is  in  advance  of  1  theory,  and 
interesting  questions  cannot  be  settled  until  theory  is  revised  and  further 
elaborated. 

Heliometric  and  photographic  measurements  are  of  more  value  than 
photometric  measurements  of  eclipses  in  determining  the  positions  of  the 
satellites'  orbits.  The  nodes  and  inclinations  of  the  orbits  are  determined 
by  the  duration  of  eclipses,  and  an  observation  of  the  duration  of  an  eclipse 
is  liable  to  considerable  error.  But  with  the  heliometer  or  photographic 
telescope  the  position  of  the  orbit  is  given  by  measurement  of  position-angle 
or  its  equivalent  in  rectangular  co-ordinates ;  and  it  is  clear  that  measure- 
ments of  the  position-angle  or  rectangular  co-ordinates  of  a  satellite  at  its 
greatest  elongation  will  provide  more  reliable  information  concerning  the 
position  of  the  orbit  than  the  duration  of  eclipses. 

The  quantity  which  it  is  of  most  interest  to  determine  is  the  motion  of  the 
node  of  the  second  satellite  measured  on  Jupiter's  equator.  Hence,  it  is  of 
importance  to  find  from  observation  the  position  of  the  orbit  at  epochs  at 
considerable  intervals.  It  is  well  known  that  the  effect  of  an  equatorial 
protruberance  of  the  primary  is  to  cause  a  retrograde  motion  of  the  node  of 
a  satellite's  orbit  along  the  equator  of  the  primary :  the  inclination  remains 
constant,  so  that  the  pole  of  the  satellite's  orbit  describes  a  small  circle  round 
the  pole  of  the  equator  of  the  primary.  The  following  table  shows  the 
percentage  of  the  motion  of  the  nodes  which  is  due  to  the  compression  of 
Jupiter  and  the  disturbing  effect  of  the  other  satellites : — 


Satellite. 

1 

Yearly  motion. 

Compression 
of  Jupiter. 

I.                 II. 

III. 

IV 

1 

I 

II 
III 
IV 

61-5 

12-0 

2-6 

0-74 

i 

per  cent. 
97 
82 
75 
36 

per  cent,  i   per  cent. 
—                   2 

4         1         — 
2         1         13 

1     !       3 
1 

per  cent. 

1 

13 

48 

per  cent. 
0 

1 
9 

Thus  in  the  case  of  the  second  satellite  which  has  an  orbit  at  an 
inclination  of  0°-48  to  Jupiter's  equator,  the  node  retrogrades  12°  per  annum, 
And  of  this  motion  82  per  cent,  is  due  to  the  compression  of  Jupiter,  4  to 
the  influence  of  satellite  I,  13  to  that  of  III,  and  1  to  that  of  IV.  The 
orbits  of  satellites  I  and  III  have  only  small  inclinations  to  the  planet's 
equator,  and  are,  therefore,  not  suitable  for  measuring  the  motion  of  the 

2  R  2 
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nodeSp     Bot  the  motion  of  the  node  of  II  can  be  measured,  and  affords  the 
best  means  of  finding  the  pliyaical  compreaaion  of  Jupiter, 

The  fifth  satellite  discovered  by  Barnard  is  so  near  to  the  primary  that 
the  node  of  its  orbit  revolves  through  about  912^  j)er  annuoi,  and  second 
order  terms  begin  to  make  themselves  felt  A  careful  measuremeot  of  tliis 
motion  would  be  of  much  value,  for  a  comparison  of  the  cooipresston  of 
Jupiter,  deduced  from  the  motion  of  the  node  of  V  with  that  deduced  from 
the  motion  of  the  node  of  II,  might  provide  information  concerning  the 
distributioti  of  mass  in  Jupiter. 
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§  1.  Introdiiction. 

The  original  discovery  of  helium  in  cleveite  and  other  minerals  by 
Ramsay,  and  the  subsequent  explanation  of  its  presence  as  due  to  production 
in  situ  by  radio-active  change,  are  of  fundamental  importance,  and  are  too 
well  known  to  need  anything  more  than  mention  here.  No  exception  has 
been  known  hitherto  to  the  rule  that  helium  is  found  in  radio-active  minerals 
exclusively — minerals,  that  is,  in  which  either  uranium,  or  thorium,  or  both, 
are  present  in  appreciable  quantity. 

It  seemed,  however,  that  valuable  information  might  be  gleaned  from  a 
fuller  examination  of  the  subject  than  has  yet  been  made. 

In  the  first  place,  Rutherford  has  suggested  with  great  plausibility  that 
subatomic  changes  might  be  going  on  in  some  of  the  ordinary  elements 
with  emission  of  a  particles  of  somewhat  lower  velocity  than  those  of  the 
radio-active  elements.  In  such  cases,  owing  to  the  abrupt  disappearance  of 
ionising  and  photographic  action  below  the  critical   velocity,  the   activity 
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would  not  make  itself  apparent  by  ordinary  experimental  tests.  If,  however, 
helium  were  a  product  of  such  a  change,  we  might  expect  to  find  it  stored 
up  in  minerals  containing  the  element  in  question. 

Again,  as  many  observers  have  found,  ionising  radiation  is  given  ofif  by 
the  ordinary  elements.  It  has  been  supposed  (and  I  was  myself  one  of  the 
first  to  urge  that  view)  that  this  ionising  radiation  indicated  a  feeble  radio- 
activity. The  progress  of  knowledge  has  made  this  more  doubtful  than  it 
seemed  at  first.  One  strong  objection  is  derived  from  a  consideration  of  the 
internal  heat  of  the  earth.*  Another  is  derived  from  the  want  of  satis- 
factory constancy  in  the  amount  of  this  ionising  radiation  from  dififerent 
samples  of  a  metaLf  It  seemed  that  the  investigation  proposed  might  give 
evidence  as  to  whether  or  not  this  ionising  radiation  resembled  genuine 
radio-activity  in  being  associated  with  a  production  of  helium. 

The  further  object  was  proposed  of  looking  for  argon  and  the  other  inert 
gases  in  minerals.  In  view  of  the  well-known  experiments  of  Ramsay  and 
Cameron,^  it  is  unnecessary  to  emphasise  the  interest  of  this  question. 

The  result  of  the  experiments  has  been  that  helium  is  found  to  be  a  nearly 
universal  constituent  of  minerals,  when  sufficiently  refined  methods  of  isolating 
it  are  adopted.  With  regard  to  argon  it  is  much  more  difficult  to  pronounce. 
The  spectrum,  it  is  true,  was  in  nearly  all  cases  observed. 

Where  the  total  inert  residue  (argon  with  helium)  was  small,  the  argon 
found  was  not  infrequently  the  greater  part.  However,  in  these  cases  the 
actual  quantity  of  argon  did  not  usually  much  exceed  a  cubic  millimetre,  a 
quantity  which  would  be  accounted  for  by  contamination  with  1/10  c.c.  of  air. 
It  is  not  easy  to  carry  out  the  complicated  manipulations  involved  with 
complete  certainty  of  excluding  this  amount  of  leakage.  However,  in  the 
case  of  a  few  minerals,  much  less  argon  than  this  was  observed,  so  that  such 
leakage  is  not  inevitable.  I  do  not  doubt  that  by  careful  working  and  with 
many  repetitions  the  question  of  whether  argon  is  commonly  present  in 
minerals  to  the  extent  of  1  cubic  millimetre  per  kilogramme  could  be  settled. 
In  the  case  of  igneous  rocks  it  certainly  is  present  in  larger  quantities  than 
this,  and  I  believe  that  the  same  is  true  of  certain  other  siliceous  materials, 
but  further  examination  is  required. 

In  the  case  of  helium,  no  unceitainty  of  this  kind  is  encountered.  For  it  is 
only  present  in  the  air  in  infinitesimal  proportions. 

In  determining  whether  or  not  the  helium  present  in  a  mineral  can  be 
attributed  to  traces  of  the  radio-active  elements,  I  apply,  in  the  first  place,  the 

♦  '  Nature,'  December  21,  1905. 

t  «  Phil.  Mag.,*  June,  1903.    Also  MacLennan,  *  Phil.  Mag.,'  [6],  voL  14,  p.  760,  1907. 

X  *Chem.  Soc.  Proc.,'  voL  91,  p.  1593,  1907. 


574  Hon.  R  J,  Stnitt     Helium  and  [Apr.  23, 

crude  test  of  comparison  with  the  strongly  radio-active  minerals,  in  which 
helium  is  certainty  derived  from  that  source.  If  the  quantity  of  heliuin 
should  not  he  greater  relatively  to  the  radium  than  in  such  minerals,  there  is  no 
primd  facie  reaaon  to  look  further  for  its  origin.  The  radium  in  a  mineml 
is  proportional  to  the  uranium  contained  in  it,  and,  whea  known,  allows  the 
latter  to  be  calculated*  Both,  in  all  probability,  coutribute  to  the  helium 
present,  and  a  more  convenient  unit  is  obtained  by  computing  the  volume  of 
helium  per  gramme  of  uranium  oxide  than  by  expressing  it  relatively  to  the 
radium  content*     I  shall  call  this,  for  brevity,  the  lielium  ratio. 

Many  of  the  strongly  active  mincralfi  contain  thorium,  which  also  con- 
tributes to  the  helium  coutainod.*  In  such  cases,  tlie  ratio  of  helium  to 
uranium  may  be  much  liigher  than  in  those  where  the  uranium  series  is  of 
chief  uuportance.  In  eatablishing  the  normal  lielium  ratio  I  shall  ignore 
the  former  clafis» 

It  would  scarcely  he  feasible  to  defcenniue  the  probably  very  minute 
amount  of  tliorium  tu  the  common  minerals  and  oree ;  but  it  will  appear  in 
the  sequel  that  the  results  of  the  present  paper  are  not,  as  it  happens, 
rendered  difficult  of  interpretation  by  this  circurastance- 

The  amount  of  helium  found  in  the  minerals  will,  of  course,  depend  on 
the  time  which  has  elapsed  since  tiieir  formation,  and  is  accordingly  limited 
by  the  geological  age  of  the  strata  in  which  they  occur.  It  is  unfortunate 
that  geological  evidence  as  to  the  age  of  metalliferous  veins  is  usually  vague ; 
nor  can  it  even  be  regarded  as  certain  that  all  the  minerals  in  the  same  vein 
are  approximately  contemporary.  Further,  we  cannot  be  sure  that  all  the 
helium  which  has  been  generated  in  the  minerals  still  remains  there.  A 
part  may  have  escaped.  For  these  reasons  the  present  investigation  has  no 
claim  to  be  regarded  as  strictly  quantitative.  Nearly  all  the  minerals 
examined  occur  in  palaeozoic  rocks,  and,  except  in  a  few  extreme  cases,  I 
shall  not  attempt  to  distinguish  the  geologically  older  minerals  from  the 
geologically  younger  ones.  The  object  of  the  investigation  is  to  test 
materials  of  widely  diverse  chemical  nature.  To  attain  this  it  is  necessary 
to  be  content  with  but  vague  information  as  to  their  geological  age.  Never- 
theless, the  general  result  will,  I  think,  be  regarded  as  fairly  clear  when  the 
data  given  in  this  paper  are  examined. 

The  very  interesting  problem  of  tracing  the  effect  of  geological  age  on  the 
helium  ratio  must  be  left  for  future  treatment.  Such  materials  as  limestones 
suggest  themselves  as  suitable  for  this  investigation. 


*  Roy.  Soc.  Proc.,'  A,  vol.  80,  p.  56. 
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§2.  Experimental  Methods, 

To  extract  helium  from  a  mineral,  we  have  the  choice  of  two  methods. 
The  gas  may  be  extracted  by  chemical  disintegitition  of  the  material,  or  by 
heat.  In  the  present  case  it  was  desired  to  look  for  helium  present  in  very 
minute  proportions,  and  to  do  this  adequately  it  was  necessary  to  extract  the 
gas  from  large  quantities  of  material,  in  some  cases  as  much  as  1  kilogramme 
or  even  more.  It  is  scarcely  feasible  to  decompose  chemically  such  quanti- 
ties of  refractory  minerals,  when  the  onerous  condition  of  working  in  a 
perfectly  air-tight  apparatus  has  to  be  observed.  I  have,  therefore,  contented 
myself  with  the  summary  method  of  heating  the  minerals  to  redness.  It  is 
true  that  the  whole  of  the  helium  is  not  liberated  in  this  way,  but,  for  a 
pioneering  investigation  like  the  present,  it  was  considered  sufficient  to  assume 
that  the  quantity  extracted  by  heat  was  half  the  total,  as  in  the  case  of  cleveite 
and  kindred  minerals.* 

When  less  than  200  gmmmes  of  the  mineral  was  to  be  heated,  tubes  of 
hard  glass  were  used.  For  larger  quantities  it  was  found  convenient  to  use 
weldless  steel  tubing,  such  as  is  used  for  building  the  frames  of  bicycles  and  \ 
motor  cars.  The  tube  was  closed  at  one  end  with  a  cap  turned  out  of  rolled 
brass  and  soldered  on  to  the  steel  with  silver  solder.f  The  steel  tube  was 
heated  either  in  a  gas  furnace  or,  what  is  better,  by  electrical  means.  In  the 
latter  case  the  tube  was  wrapped  in  asbestos  paper,  and  over  this  was  wound 
a  lielix  of  nickel  wire,  through  which  the  heating  current  could  be  passed. 
Over  this  was  a  thick  layer  of  asbestos  for  heat  insulation. 

A  glass  exit  tube  was  connected  to  the  steel  tube  by  means  of  a  rubber 
cork,  which  was  jacketed  externally  with  water.  This  jacket  served  the 
double  purpose  of  preventing  any  inward  leakage  of  air  imder  exhaustion 
and  of  protecting  the  rubber  from  injury  by  heat  conducted  along  the  hot 
metal. 

The  powdered  mineral  was  placed  in  the  steel  tube,  which  was  exhausted 
by  a  mercury  pump.  After  it  had  stood  exhausted  all  night,  a  little  oxygen 
was  added,  and  removed  by  the  pump,  so  as  to  wash  out  all  traces  of  air. 
Heat  was  then  applied  to  drive  off  the  gases  contained.  These  gases  passed 
over  potash,  then  hot  copper  oxide,  then  over  potash  again,  finally  over 
phosphoric  anhydride.  These  reagents  absorbed  most  of  the  hydrogen  and 
oxides  of  carbon  evolved.    The  gas  which  passed  them  was  collected  through 

♦  Ti-avers,  *Roy.  Soc  Proc.,'  voL  64,  p.  141,  1898. 

t  It  is  found  much  easier  in  practice  to  close  the  tube  air-tight  with  a  cap  than  with 
a  plug. 
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the  pump.  When  the  tube  had  been  kept  at  a  full  red  heat  for  two  hours,* 
practically  nothing  more  could  be  extracted. 

The  gas  thus  collected  consisted  chiefly  of  nitrogen,  which  exists  in  nearly 
all  the  minerals  examined.  To  remove  this  nitrogen,  sparking  with  oxygen 
was  resorted  to.  The  operation  was  carried  out  over  mercury,  in  a 
eudiometer  with  wires  sealed  in  at  the  top,  which  very  nearly  touched  one 
another.  A  fragment  of  solid  potash,  partially  hydrated,  floated  on  the  top 
of  the  mercury.  The  spark,  or  rather  arc,  was  produced  by  a  Euhmkorfif 
coil  with  an  alternating  current  in  the  primary.  The  electrodes  being  fixed, 
the  arc  cannot  be  conveniently  started  by  approximating  thenu  The 
starting  was  eflfected  by  allowing  the  hammer  of  the  coil  to  vibrate  in 
synchronism  with  the  supply,  which  it  readily  did,  producing  a  spark,  as 
when  a  battery  is  in  use.  The  spark  soon  degenerated  into  an  arc,  and  the 
hammer  then  ceased  to  vibrate.  The  primary  current  was  promptly 
diminished  by  resistance,  so  that  the  arc  should  not  be  large  enough  to  risk 
melting  the  electrodes  or  cracking  the  glass.  Oxidation  and  removal  of 
nitrogen  then  proceeded  without  attention.  It  is  much  better  not  to  hurry 
the  process  by  increasing  the  current.  With  a  small  arc  there  is  little 
danger  of  any  accident  involving  loss  of  the  gas.  After  contraction  was  over 
the  excess  of  oxygen  was  removed  by  melted  phosphorus,  after  the  method 
of  Eamsay  and  Travers. 

In  the  majority  of  cases,  where  the  quantity  of  inert  gas  was  incon- 
siderable, the  residue  left  after  absorption  by  phosphorus  amounted  to 
something  like  10  to  30  cubic  millimetres,  which  was  still  a  considerable 
multiple  of  the  volume  of  the  inert  gases.  It  seems  scarcely  feasible  to 
isolate  minute  quantities  of  these  gases  perfectly  by  the  method  of  sparking, 
though  I  have  not  paid  particular  attention  to  the  causes  of  failure.  The 
final  purification  was  eflfected  in  the  vacuum  tube  in  which  the  gas  was  to  be 
spectroscopically  examined.  This  tube  was  provided  with  electrodes  of  the 
liquid  alloy  of  sodium  and  potassium,  which,  under  the  influence  of  the 
discharge,  absorbs  all  traces  of  nitrogen,  hydrogen,  and  carbon  compounds. 
I  am  indebted  for  the  knowledge  of  this  invaluable  method  to  Sir  James 
Dewar.  It  has  also  been  described  by  Mey.f  After  the  gas  in  the  vacuum 
tube  had  been  sparked  for  a  few  minutes,  the  spectrum  showed  nothing  but 
the  inert  gases.  Helium  was  usually  conspicuous  at  this  stage.  Argon, 
however,  was  rarely,  if  ever,  completely  absent  from  the  spectrum.  To 
isolate  heliimi,  Sir  James  Dewar's  admirable  method  of  absorption  with 

'*'  The  closed  end  must  not  be  raided  to  more  than  a  dull  red  heat,  for  the  sake  of  the 
floldered  joint  * 

t  *  Verhand.  Deutschen  Phys.  Gesellschaf  t,'  vol.  5,  p.  72,  190a 
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cooled  charcoal  was  employed.  I  have  foiind  tliiit  cooling  to  —80°.  with 
oarhoiiic  acid  sqow  id  alcohol,  suffice b  for  the  purpose  when  the  quantity  of 
gas  to  be  absorbed  is  small.  This  is  a  great  convenionce  in  a  labors toiy 
whieh  is  not  provided  mth  the  means  of  producing  Uquid  ain 

Cronnection  was  opened  between  the  vacuum  tube  and  a  small  vessel 
containing  cocoanut  clmrcoal  at  —80^  C,  which  had  been  freed  from 
occluded  gasea  by  preliminarj*  heating  and  exhaustion.  In  a  few  minutes 
the  spectrum  of  argon  became  practically  invisible.  In  most  cases  a 
brilliant  helhim  spectrum  reiuained,*  In  order  to  measure  the  volume  of 
the  inert  gases,  either  before  or  after  the  charcoal  sepa ration »  a  modified 
McLeod  gauge  was  used,  so  arranged  that  the  gas  could  be  drawn  into  it  from 
the  rest  of  the  apparatus,  or  replaced,  Tlie  ludb  of  the  McLeod  gauge  had  a 
volume  very  large  compared  with  the  vacuum  tube  and  charcoal  reservoir. 
Thus  nearly  all  the  gas  could  be  drawn  into  it  when  the  mercury  was 
lowered.  The  construction  and  method  of  manipulation  will  be  apparent 
from  fig*  2,  with  the  explanation  appended. 

Until  we  know  how  much  of  the  known  radio-active  bodies  are  present  in 
a  mineral,  it  is  obviously  impossible  to  eay  how  far  the  hehum  in  it  may  l>e 
derived  from  any  other  source.  For  this  reason  it  formed  an  essential  pan 
of  the  present  investigation  to  determine  the  quantity  of  radium  in  each 
of  the  minerals  examineiL  The  nearly  inuvia-^al  presence  of  this  eleinrMit 
in  rock-forming  mineralsf  justified  a  suspicion  that  it  would  also  be  found 
in  metalliferous  ores,  as  well  as  in  other  siliceous  minerals.  This  anticipa- 
tion lias  been  confirmed.  The  methods  used  for  determining  radium  were 
those  described  in  a  former  paper.J 

§  3.  Statement  of  ExpeHmental  Eesidts. 

This  first  set  of  results  refers  to  minerals  whicli  are  quite  strongly  radio- 
active and  (for  the  most  part)  quite  rich  in  helium.  These  results  are 
taken  from  a  former  paper§  and  are  given  here  for  convenience  only.  They 
seem  to  establish  a  kind  of  scale  which  shows  roughly  what  ratio  is  to  be 
expected  between  helium  in  a  mineral  and  the  uranium  it  contains.  Many 
radio-active  minerals  contain  considerable  quantities  of  thorium,  and  in 
these  cases  the  ratio  is  higher  than  usual.  In  this  list  only  those  minerals 
in  which  the  uranium  series  contributes  the  greater  part   of  the  activity 

*  When  the  quantity  of  argon  was  appreciable,  as  in  igneous  rocks,  the  charcoal  treat- 
ment had  to  be  repeated  more  than  once. 
t  *Roy.  Soc.  Proc.,'  A,  vol.  78,  p.  152. 

X  *  Roy.  Soc.  Proc.,'  A,  vol.  77,  p.  474.  * 

§  *  Roy.  Soc.  Proc.,'  March  2,  1906. 
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Fic,  2. — Apparatus  for  purifying,  exa- 
mixiing,  and  measuring  rare  gases. 
a,  Capillaiy  U-tube  standing  in 
mercury  trough  b.  This  serves  for 
introducing  gas  in  the  well-known 
manner.  The  gas  is  followed  up  by 
luercttfy  to  the  level  c.  Stopcock  d 
serves  to  empty  the  tube  e  after  an 
experiment  is  finished,  ffj  bulbs, 
each  containing  a  small  quantity  of 
sod)  urn -potassium  alloy,  in  contact 
with  pktinum  wires  sealed  through 
the  glass.  The  vacuum  tube  fgf 
k  arrunged  before  a  spectroscope. 
^f  bulb  containing  cocoanut  charcoal, 
and  communicating  with  rest  of 
system  through  stopcock  k.  The 
apparatus  can  be  exhausted  through 
the  fftopcock  L  m,  bulb  of  McLeod 
gauge,  ita  volume  being  many  times 
larger  than  that  of  the  rest  of  the 
apparatus.  The  gas  can  be  drawn 
into  it  by  lowering  the  mercury 
reservoir,  with  stopcock  o  open,  o  is 
then  ciofledf  and  the  gas  compressed 
by  raising  n  again.  Its  volume  can 
be  read  on  the  graduations  of  the 
calibrated  tube  p.  The  pressure  is 
determinetl  by  difference  of  mercury 
level  in  p  and  q  ;  a  vacuum  is  per- 
manently kept  in  q  for  this  purpose 
by  connection  with  the  exhausted 
bulb  r.  A  correction  for  capillarity 
is  applied  to  the  pressure  readings. 
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MB  given,     I  have  also  excluded  substances  like  torberiiite  and  caruotite, 
wbiofa  are  obviously  of  secondary  and  quite  recent  origin. 
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^fohyuite     

SuMnlfito    
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0  ao7      '         ^3  6 

0  10                   21-23 
1-09                     8-42 
1-5                      10-3 

1  15        1             3  67 
0  '59         1             2  '86 
0  '73                     a 'S^ 
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0-472 

11 -6 

14  5 

31-4 

20-7 

25-7 
5  04 

LHtW  Fnar  Mt.,  Virginm  

Ai^ndul^  Norway  .......... h....... 

Mimilii^ 

O-Ott 

1-W 

The  results  quoted  sbow  that  10  is  a  normal  value  for  the  helium  ratio, 
though  values  as  high  as  30  occur.  Tlie  low  value  for  pitchblende  has  long 
S0eined  auomalous,  and  will  not  appear  less  so  in  comparison  with  the  results 
of  the  present  paper,  showing  normal  values  for  moat  of  the  other  Cornish 
vein -minerals. 

Table  II  gives  a  liat  of  insults  for  minerals  containing  the  rare  earths 
and  some  other  rare  dements.  Ft  will  lie  noticed  that  the  helium  content 
is  in  several  cases  in  excess  of  what  the  uranium  present  can  account  for, 
and  in  one  case  (fluor  from  Ivitgut,  Greenland)  enormously  in  excess.* 
I  regard  this  excess  of  helium  as  due  to  the  radio-activity  of  thorium 
contained  in  the  mineral.  In  all  the  cases  marked  thus  f  thorium  was 
looked  for  and  detected  by  its  emanation.  Although  no  strictly  quantitative 
experiments  were  made,  the  amount  of  thorium  emanation  appeared  amply 
sufficient  to  account  for  the  helium  present. 

I  have  failed  to  find  minerals  containing  the  rare  earths  which  are 
reasonably  free  from  both  uranium  and  thorium.  Accordingly  a  good  deal 
of  helium  is  always  present,  and  it  is  impossible  to  be  sure  that  a  part  of 
it  is  not  contributed  by  other  constituents  such  as  cerium.  But  the 
determinations  afford  no  positive  support  for  such  a  view,  and  any  such 
contribution  must  be  very  small  compared  w^ith  the  contribution  made  by  an 
equal  mass  of  uranium  or  thorium. 

In  none  of  these  cases  was  evidence  obtained  of  the  presence  of  rare  gases 
other  than  helium.  If  any  argon  or  neon  was  present,  its  quantity  must 
have  been  quite  insignificant  in  comparison.  The  inert  residue  always  gave 
the  brilliant  yellow  glow  of  pure  helium. 

♦  See  '  Roy.  Soc.  Proc,  A,  vol.  80,  p.  56. 


« 


1908.]       Radio-activity  in  Rare  and  Common  Minerals. 


581 


f     '$    <P     '$     9     ^     '$ 

^  s  »  s  a  "»  ss 


CO 

o 

> 


^ 


06 

.a 


S 


^ 

^ 


0 

•si 

>8 


3 


s; 


I  I  I  I  I  I  I 

o  o  o  o  o  o  o 

fF-^  fF-^  W-i  9^  9^  fH  ^M 

X  X  X  X  X  X  X 

9»  9»  CO  0)  "^  9  u3 

»o  00  4*  -^  iH  eo  -^ 


9d        00 


7     T     T     T      1      7     * 
o     o     o     o     o     o     o 

1      7 

f^         ^         ^         r-i         9-t         wi         wi 

!FH             !FH 

X          X          X           X          X          X          X 

X          X 

$  s  s   s  s  ^  ^ 

?     9 

iH        .H        0<|        iH        Tf        «        ^ 

.H        00 

I    S    9    S 


»    8    S 


S       8    S 


ill 


ig^^SSiSI       8S 


582  Hon,  R  J,  Strutt.     Helium  and  [Apr,  23, 

Tables  III,  IV,  V  include  a  selection  of  minerals  of  varied  coniposition, 
for  the  most  part  coutaining  only  traces  of  uranium.  The  helinm  is  never 
distinctlj  in  excess  of  what  uranium  and  its  products  will  accoatit  for.  It 
should  he  explained  that  a  good  many  of  the  experiments  were  made  before 
any  adequate  apparatus  !iad  been  set  up  for  quantitative  measurenient. 
Heliumj  qualitatively  observed,  ia  entered  as  He.  In  such  cases  the  quantity 
was  not  at  most  in  excees  of  2  cubic  luilHmetres,  judging  by  the  appearan(Mf 
of  the  discharge.     Usually  it  was  very  much  less. 

With  regai-d  to  ai^^on,  the  speotruw  was  generally  seen,  but  tlie  quantity 
was  never  more  than  2  cubic  millimetres,  and  never  in  excess  of  prolmble 
contamination  from  air. 

Where  the  quantity  of  helium  was  insignificant,  the  argon  spectrum  was 
comparable  with  it  in  intennity.  In  such  cases  a  query  is  entered  under 
argon,  to  show  that  it  may  possibly  occur  in  quantity  comparable  with 
helium*  W^here  helium  waa  more  abundant,  the  argon  spectrum  was  always 
inconspicuous  To  distinguish  these  cases  argon  is  entered  as  0.  But  it 
must  be  repeated  that  there  is  no  evidence  of  its  presence  in  either  of  these 
cases. 

It  would  fieem  probable  that  the  minerals  in  these  tables  are  revy  free  from 
thorium.  They  occur  for  the  most  part  in  mineral  veins  and  ore  deposits, 
beinfjt  c:i>ntr;isted  In  tliis  respect  with  many  of  those  in  Tables  I  and  II,  which 
are  primary  constituents  of  igneous  rocks. 

Thorium  was  specially  looked  for  in  wolfram,  but  was  not  found. 

The  next  set  of  experiments  refers  to  igneous  rocks.  It  will  be  observed 
that  the  helium  ratio  is  of  the  same  order  as  usual.  The  Irish  basalt  was 
erupted  in  tertiary  times,  and  solidified  long  after  the  formation  of  the  majority 
of  minerals  examined.  However,  as  pointed  out  in  a  previous  paper,  a  part  of 
the  helium  now  present  was  in  all  probability  dissolved  or  entangled  in  the 
original  magma.  It  is  worthy  of  remark  that  tlie  Cornish  granite  shows  a 
considerably  smaller  ratio  than  some  of  the  minerals  of  the  veins  which 
traverse  it,  and  which  are  clearly  younger.  This  may,  perhaps,  be  partly  due 
to  the  fact  that  a  great  part  of  the  radio-active  material  in  this  granite  is 
contained  in  the  mica,  wliicli  from  its  structure  may  be  unable  to  retain 
helium.  However,  in  view  of  the  imperfect  extraction  of  helium  from  some 
minerals  by  heat,  anomalies  of  this  kind  must  be  expected  in  any  case.  As 
already  mentioned,  it  is  hoped  to  study  the  subject  in  this  aspect  later. 

The  quantities  of  argon  found  in  these  rocks  are  considerably  smaller  than 
those  given  formerly.*  This  is  to  be  explained  by  the  imperfection  of  the 
experimental  method  then  adopted.  It  was  assumed  that  after  sparking 
♦  *Roy.  Soc.  Proc.,'  A,  vol.  79,  p.  436. 
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and  removal  of  oxygen  the  residue  might  be  measured  as  argon + helium. 
Further  experiment  has  shown  that  the  volume  measured  after  the  spectro- 
scopic purification  in  the  vacuum  tube  itself  is  much  smaller.  This,  of 
course,  only  applies  to  very  small  volumes  of  gas.  Large  volumes  can 
readily  be  purified  by  sparking. 

Table  VII  gives  results  for  siliceous  minerals  other  than  igneous  rocks. 
In  no  case  is  the  quantity  of  helium  considerable,  and  in  no  case  is  there 
reason  to  regard  it  as  proceeding  from  any  other  source  than  the  uranium 
series.  In  view  of  the  small  quantity  of  uranium  and  radium  in  quartz,  this 
mineral  affords  a  severe  test  case  for  the  possible  production  of  helium  from 
common  elements. 

It  will  be  noted  that  flint  from  the  upper  chalk,  which  is  geologically  recent 
compared  with  most  of  the  materials  examined,  shows,  in  accordance  with 
anticipation,  a  very  much  lower  helium  ratio. 

In  the  several  samples  of  quartz  examined,  there  seems  to  be  evidence  of 
the  presence  of  argon  in  excess  of  what  can  be  explained  by  atmospheric 
contamination,  though  the  margin  is  not  large.  In  gamierite,  the  presence  of 
argon  seems  certain.  The  determination  quoted  is  only  one  of  several,  all  of 
which  were  believed  to  be  unexceptionable,  and  all  of  which  pointed  to  about 
the  same  quantity.  I  am  inclined  to  suspect  that  the  presence  of  traces  of 
argon  in  siliceous  material  is  general,  though  certainty  could  only  be  achieved 
with  great  labour.  Something  more  will  be  said  on  this  subject  in  a  later 
paragraph. 

The  first  four  sets  of  determinations  in  Table  YII,  which  are  only  samples 
of  many  similar  ones,  refer  to  the  mineral  beryl.  This  mineral  has  proved 
altogether  exceptionaL  It  will  be  observed  that  the  helium  present  is,  as  a 
rule,  enormously  in  excess  of  what  can  be  attributed  to  uranium  and  its 
series.  This  raises  the  question  of  whether  thorium  is  present.  For  this,  as 
for  further  investigations  on  the  subject,  I  used  the  beryl  richest  in  helium, 
that  found  at  Acworth,  New  Hampshire.  • 

Thorium  emanation  could,  indeed,  be  just  detected  by  careful  experiments 
in  a  considerable  quantity  (50  grammes)  of  Acworth  beryl  in  solution.  But 
the  thorium  series  does  not  appear  to  contribute  more,  if  so  much,  to  the  total 
radio-activity  of  the  mineral  as  does  the  uranium  series,  and  affords  no 
explanation  of  the  quantity  of  helium  present. 

With  the  idea  that  some  unknown  radio-active  constituent  might  be 
present  which  did  not  yield  an  emanation,  the  powdered  beryl  was  carefully 
tested  with  an  electroscope  for  radio-activity.      Nothing  could  be  detected, 

*  Another  sample  of  beryl  from  the  same  place,  somewhat  more  transparent  than  the 
foregoing,  contained  much  less  helium. 
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though  other  minerals  containing  much  less  helium  showed  a  conspicuous 
activity  when  tested  in  this  manner,  in  virtue  of  the  radio-active  constituents 
present.    The  following  results  illustrate  this. 

A  correction  for  the  ordinary  leak  of  the  electroscope  (0*40  div.  per  hour) 
has  been  applied. 


Mineral. 


Helium,  c.c. 
per  100  grammes. 


Bate  of  eleotrosoope  leak. 
Scale  div.  per  hour. 


Bervl 

Niobite  ! 

Cerite ' 

Zircon    ' 

Wolfram   I 

i 


1-68 
0-86 
0  18 
0-12 
0-12 


0-08? 

8-46 

0-86 

1-06 

0*46 


Thus  it  appears  impossible  to  connect  the  helium  in  beryl  with  .radio-activity 
in  the  ordinary  sense  of  the  word. 

It  was  next  attempted  to  see  if  helium  in  comparatively  large  quantities 
could  be  connected  with  any  recognised  constituent  of  beryl,  without  regard 
to  radio-activity.  Beryllium  seemed  the  most  promising  constituent  Several 
other  beryllium  minerals  such  as  phenacite  and  chrysoberyl,  were  tried,  as 
recorded  above.  But  only  those  traces  of  helium  were  found  which  are 
almost  universal,  and  which  I  attribute  to  traces  of  the  radio-active  elements. 
Caesium  has  been  found  in  some  beryls,  but  the  absence  of  helium  from  the 
caesium  mineral,  poUux  (see  Table  VII),  makes  it  unlikely  that  this  element 
is  concerned.  Moreover,  the  caesium  lines  were  not  visible  in  the  flame 
spectrum  of  my  beryl.  The  remaining  important  constituents  of  beryl  are 
comparatively  common,  and  are  amply  represented  in  the  tables  of  minerals 
given  above,  so  that  they,  too,  must  be  excluded.  Examination  of  the  flame 
spectrum  of  Acworth  beryl  revealed  the  presence  of  indium,  but  in  less 
quantity  than  in  Freiberg  blende  ;  and  Freiberg  blende  yields  little  helium. 

The  above  paragraphs  summarise  the  experimental  evidence  which  I  have 
been  able  to  obtain  on  this  question,  without  afifording  any  positive  answer  to 
it.  It  is  difficult  to  find  any  advantageous  ground  from  which  to  attack  it 
further. 

A  few  words  may  be  said  on  some  possible  explanations: — 

(1)  It  may  be  suggested  that  these  beryls  have  formerly  contained  radio- 
active elements,  but  that  these  have  now  decayed,  their  transformation^  being 
completed. 

The  objection  to  this  view  is  that  nearly  all  the  evidence  we  have  points 
to  an  unalterable  rate  of  radio-active  transformation.    Thus  the  explanation 
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mentioned  would  require  the  assumption  that  beryls  generally  were* much 
older  than  other  minerals  of  the  earth's  crust.  The  circumstances  of  their 
occurrence,  geolc^cally  considered,  are  not  consistent  with  this  assumption. 

(2)  It  may  be  supposed  that  the  helium  found  in  beryls  was  not  generated 
in  situ  at  all,  but  wa-s  chemically  absorbed  or  occluded  by  the  material  in  the 
course  of  solidification.  I  cannot  think  this  in  any  way  probable.  Other 
siliceous  minerals  do  not  absorb  helium  in  this  way,  for  they  contain  none 
that  may  not  be  otherwise  accounted  for.  Nor  does  anything  we  know  of  the 
properties  of  helium  suggest  that  it  is  likely  to  have  a  violent  preference  for 
beryl 

(3)  There  may  be  an  unknown  element  present  in  beryl  which  has  escaped 
detection,  for  want  of  well  marked  chemical  peculiarities ;  and  this  unknown 
element  may  emit  a-particles  with  less  than  the  critical  velocity,  as  suggested 
in  the  introduction  (p.  572).  On  this  double  hypothesis  the  facts  would  be 
explained.  But  naturally  an  explanation  so  speculative  has  in  itself  little 
scientific  value. 

§  4. — Helium  and  Radio-activity  of  Ordinary  ElemerUs, 

The  results  above  recorded  are  not  in  favour  of  the  theory  that  the 
common  elements  are  perceptibly  radio-active.  This  seems  clear  from  the 
following  considerations.  It  is  known  that  radium,  actinium,  and  thorium* 
give  rise  to  helium.  There  is  no  evidence  which  to  me,  at  least,  appears 
convincing  that  any  one  of  the  undoubtedly  radio-active  bodies  does  not  give 
rise  to  it.  Accordingly,  we  may  provisionally  regard  the  formation  of 
heliimi  as  a  criterion  of  radio-activity. 

It  is  well  known  that  there  is  an  ionising  radiation  from  the  walls  of  any 
vessel  which  ionises  the  contained  air.  The  question  to  be  faced  is  whether 
any  important  part  of  this  radiation  is  of  the  same  nature  as  the  a-rays  of 
radium. 

In  determining  the  radium  content  of  galena  (see  Table  III),  200  grammes 
of  the  mineral  were  stored  in  solution,  so  as  to  allow  the  emanation  to  accumu- 
late. The  emanation  was  boiled  out  and  introduced  into  an  electroscope  and 
allowed  to  form  the  active  deposit  After  this  the  leak  of  the  electroscope 
wa-s  increased  by  about  one-quarter  of  its  normal  amount  Now  this  increased 
leak  is  of  the  same  order  as  the  total  ionising  power  of  the  uranium  series  of 
bodies  present  in  200  grammes  of  the  mineral,  when  exercised  freely,  without 
enfeeblement,  owing  to  unproductive  absorption  of  the  rays  by  solids.  The 
electroscope  case  was  a  glass  bulb  10  cm.  in  diameter,  or  about  314  sq.  cm.  in 
area.  As  the  «-rays  are  not  able  to  penetrate  from  a  depth  of  more  than 
♦  *  Roy.  Soa  Proc.,*  A,  vol.  80,  p.  66. 
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abant  t)'004  cm.,  it  foUowa  that  the  total  quantity  of  glass  which  can  come  intx) 
action  inionifliitg  the  enclosed  air  cannot  be  much  more  than  314  x  0*004  cc, 
or  about  3*5  grammes.  The  ionisation  produced  by  tbiB  quantity  of  glass  is 
greater  than  that  produced  by  the  radio-active  impurities  in  200  grammes  of 
galena.  The  normal  ioniaation  in  vessels  of  other  common  matemls  is  not 
very  ditt'erent.  It  may  be  concluded  that  in  a  mineral  like  this  galena  the 
appan^nt  activity  contributed  by  the  common  elements  (lead  and  sulphur)  is 
at  least  a  hundred  times  that  due  to  the  radio-active  impurities.  As  these 
impurities  are  present  in  sufficient  quantity  to  account  for  the  helium  found, 
it  follows  that  enormously  laiger  quantities  of  helium  would  be  expected  if 
the  ioiiisiBg  properties  of  the  common  elements  were  really  of  radio-active 
origin  ♦ 

The  lists  of  results  which  have  been  given  afford  many  other  cases  of  minerals 
free  enough  from  radium  to  emphasise  the  same  conclusion.  There  m  no 
itidication  that  the  helium  ratio  increases  as  the  radio-active  impuiitiei 
diminish  in  amount* 

It  is  evidently  of  great  interest  to  push  the  enquiry  into  possible  helium 
production  by  common  elements  as  far  as  possible  ;  for  although  their  radio- 
activity seems  to  \m  much  smaller  than  might  be  esrpected  from  the  ionising 
power,  it  is  not,  for  that  reason,  necessarily  non-existent, 

I  have  found  that  gypsum,  rock  salt,  and  the  various  saline  minerals  of 
Stassfurt  are  for  the  most  part  much  less  contaminated  with  radium  than 
minerals  of  any  other  class.  In  most  cases  helium  can  scarcely  be  detected 
in  them  ;  but  in  one  or  two  instances  results  have  been  obtained  which 
call  for  further  investigation.  It  is  hoped  to  complete  these  experiments 
shortly. 


§  5.  Presence  of  Argon  and  Neon  in  Minerals. 

The  interest  of  this  subject  has  already  been  referred  to.  It  has  been 
recorded  that  siliceous  materials  in  general  appear  to  contain  a  little  argon, 
and  that  igneous  rocks  certainly  always  do  so.  The  question  now  arises  of 
whether  the  argon  is  due  to  radio-active  changes,  as  might  appear  not 
improbable  from  Sir  William  Eamsay  and  Mr.  Cameron's  results. 

It  might  perhaps  be  supposed  that  the  conditions  of  radio-active  change 
were  so  modified  in  these  materials  as  to  result  in  the  partial  substitution 
of  argon  for  helium.      Upon  the  whole  I  do  not  regard  this  supposition 

♦  It  seems  likely  from  the  results  of  MacLeonan  (*  Phil.  Ma^./  [6],  vol.  14,  p.  760, 1907) 
and  Elster  and  Geitel,  that  other  samples  of  galena  will  be  found  much  less  free  from 
radio-active  impurities  than  that  which  I  examined.  For  their  results  point  to  great 
variety  in  the  quantities  of  polonium  in  various  samples  of  commercial  sheet  lead. 
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favourably.  In  siliceous  minerals  like  zircon,  which  are  fairly  active, 
the  argon  content  is  infinitesimal  in  comparison  with  the  helium  content 
This  appears  from  the  experiments  already  quoted  Some  other  experiments, 
specially  directed  to  this  point,  which  were  made  before  the  systematic 
investigations  here  recorded,  bring  it  out  more  clearly :  12*8  c.c.  of  helium 
wa.s  extracted  by  heating  a  large  quantity  of  zircon.  The  argon  contained  in 
this  was  separated  by  charcoal  cooled  in  liquid  air,  and  was  certainly 
less  than  0*03  cc.  Again,  37*6  c.c.  of  helium  from  cyrtolite,  another  radio- 
active silicate,  contained  at  most  0*02  cc.  argon.  In  these  cases,  therefore, 
the  argon  does  not  greatly  exceed  a  thousandth  part  of  the  helium  and  may 
be  much  less,  for  the  experiments  were  made  before  very  much  experience 
had  been  gained,  and  considerable  atmospheric  contamination  is  not 
improbable.  The  quantity  of  argon  in  active  silicates  is  not  large,*  and  it 
may  be  concluded  that  it  is  not  connected  with  their  activity.  Similar 
experiments  made  with  large  quantities  of  helium  from  monazite,  samarskite, 
and  thorianite  proved  that  the  argon  in  these  cases  did  not  at  most  exceed 
a  thousandth  part  of  the  helium. 

The  small  quantities  of  argon  in  question  may,  I  think,  be  very  well 
regarded  as  derived  from  the  atmosphere  during  the  formation  of  the  various 
minerals. 

With  regard  to  neon,  the  available  data  are  very  scanty.  Its  presence 
was,  as  a  rule,  masked  by  helium  which,  when  present  in  excess,  altogether 
extinguishes  the  yellow  neon  line.  The  difficulty  can  be  overcome  by 
separation  with  charcoal  in  liquid  air.  This  has  not  usually  been  available 
to  me,  and  carbonic  acid  cooling  does  not  suffice  for  the  absorption  of  neon. 
In  a  few  cases  of  igneous  rocks,  neon  has  been  observed  as  recorded  in  a 
former  paper.f  I  separated  spectroscopic  traces  of  neon  from  the  small 
quantity  of  argon  from  zircon  and  cyrtolite  mentioned  above.  A  letter  to 
'Nature'  was  published  to  this  effect,  but  in  the  light  of  subsequent 
experience  no  importance  can  be  attached  to  the  observation.  A  very  small 
quantity  of  air  suffices  to  bring  in   the   neon  spectrum  quite  distinctly: 

*  It  is  necessary  to  refer  to  a  very  perplexing  case.  The  mineral  malacone,  which  is  a 
hydrous  silicate  of  zirconium  of  considerable  activity,  was  found  by  Ramsay  and  Travers 
(*  Roy.  Soc  Proc.,'  vol.  60,  1897,  p.  444),  and  subsequently  by  Elitchin  and  Winterson 
(*Chem.  Soc.  Trans.,'  vol.  89,  1906,  p.  1570)  to  contain  much  argon  along  with  helium.  I 
have  failed  altogether  to  confirm  this  result  Several  specimens  of  the  mineral  (which 
came  from  Hitteroe,  Norway)  were  examined,  they  gave  nothing  but  a  brilliant  yellow 
helium  glow,  argon  being  practically  invisible.  I  cannot  doubt  the  genuineness  of  the 
specimens,  for  they  correspond  closely  to  those  from  the  same  locality  in  the  Natural 
History  Museum,  South  Kensington. 

f  'Roy.  Soc.  Proc.,'  A,  vol.  79,  p.  437. 
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1  c.a  is  ample^  and  with  care  1/^^  ^-^  ^^  enouglL     In  some  other  eases 
I  have  suspected  neon,  but  can  make  no  positive  statement. 
§  6.  Sumvmry  of  Candnsions, 

1,  Helium  ean  be  detected  in  almost  all  the  minerals  of  the  earth's  emsL 

2,  The  quantity  is  in  most  cases  about  what  might  be  anticipated  from 
the  traces  of  urauium  and  radium  which  the  minerals  contain.  This  is 
illustrated  by  the  following  selected  results,  which  are  given  in  round 
numbers  only* 


Mineral. 

e.inm,  per  kilo.           to  umniam  ™de. 

Samartltite  .,,..- 
Ils^iiiatit#     ,..„< 
G^etiA 

1,600,000 

700 

2 

0 
17 
XO 

Oiuu-U ..*.*... 

3,  Where  much  higher  helium  ratios  than  the  above  have  been  observed, 
the  excess  of  helium  can  always  be  connected  with  the  presence  of  thorium, 
except  in  one  outstanding  case.  Thus  the  experiments  afford  no  evidence  in 
favour  of  helium  production  by  radio-activity  of  ordinary  elements. 

4  The  outstanding  case  is  beryl,  which  contains  abundance  of  helium, 
without  anything  approaching  a  sufficient  radio-activity  to  explain  its 
presence.  This  helium  cannot  be  connected  with  any  known  constituent  of 
beryl 

5.  Igneous  rocks,  and  probably  siliceous  minerals  generally,  contain  small 
quantities  of  argon.  In  other  minerals  its  quantity  is  negligible,  at  all 
events  in  comparison  with  the  helium  present.  Nor  is  there  any  indication 
that  it  increases  with  the  amount  of  radio-active  material 
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Effect  of  a  Cross  Wind  on  Rifled  Projectiles. 
By  A.  Mallock,  F.RS. 

(Received  May  5,— Eead  May  28,  1908.) 

The  effect  of  wind  on  rifled  projectiles  is  important  for  practical  reasons, 
especially  in  the  case  of  small  arms,  but  the  object  of  the  present  note  is  not 
so  much  to  determine  the  actual  effect  of  wind  as  to  show  that  accurate 
experiments  on  the  subject  would  afford  valuable  information  concerning  the 
flight  of  projectiles  in  still  air. 

It  is  easily  shown  that  if  the  air  resistance  acts  always  in  the  dii*ection  of 
the  resultant  of  the  velocities  of  the  wind  and  the  projectile,  the  angle  made 
by  the  resultant  velocity  with  the  line  of  aim  remains  constant  throughout 
the  range  and  is  independent  of  the  law  connecting  velocity  and  retardation.* 

In  order,  however,  that  the  resistance  may  act  in  the  direction  of  the 
resultant  velocity,  the  projectile  must  be  symmetrical  about  that  direction. 
This,  in  the  case  of  any  form  except  a  sphere,  means  that  the  principal  axis  of 
the  projectile  must  take  the  direction  of  the  resultant  velocity. 

If  this  is  assumed  and  we  take  Vq  as  the  initial  velocity  of  the  shot,  w  as 
the  velocity  of  the  wind  (w/vq  being  small)  and  f  and  17  as  the  co-ordinates  of 
the  shot  parallel  and  perpendicular  respectively  to  the  line  of  aim,  f  being 
measured  from  a  moving  origin  at  v^t ;  we  have  at  the  time  t 

V  =  t?o— f ,        R  ==  vo^— fc    and    17  =  ^/vq  ; 

hence  17  =  -  (i?o<-R)    or    w(t^^).  (1) 

This  result  was  first  given  by  Captain  Younghusband,  RN.,  and  would  be 
correct  if  the  axis  of  the  projectile  set  itself  in  the  direction  of  the  resultant 
velocity  from  the  very  beginning. 

At  first,  however,  the  axis  makes  an  angle  w/vo  with  the  velocity  resultant, 
and  the  resistance  has  therefore  a  horizontal  component  at  right  angles  to 

*  Let  AB  be  the  initial  velocity  and  direction  of  the  shot.  AC  the  velocity  and 
direction  of  the  wind.    The  resultant  velocity  of  the  shot  through  the  air  is  CB.    Let 

C 


CP  be  the  velocity  after  the  air  resistance  has  given  the  shot  a  negative  velocity  BP  in 
the  direction  BC.  The  components  of  the  resultant  velocity  parallel  and  perpendicular 
to  AB  are  AB  -  PB  and  AC  -  PF,  and  their  ratio  AC/AB  as  before. 
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that  resultant,  for  the  same  reasou  that  a  a  mall  angle  between  the  axis  of  the 
projectile  and  the  tangent  to  the  trajectory  produces  an  upward  force  on  tlie 
former. 

The  difierence  between  the  two  cases  lies  in  the  fact  that  whereas  the 
angle  betweeu  the  axis  and  the  tangent  (and  therefore  also  the  upward  force) 
muflt  remain  finite  throughout  the  range,  the  horizontal  lateral  force  diminishes 
indefinitely  with  the  time  and,  for  the  greater  part  of  a  long  range,  the 
direction  of  the  axis  of  the  projectile  and  the  velocity  resultant  may  be  taken 
as  identical.  The  reason  for  this  is,  of  courae,  the  constancy  of  the  directioQ 
of  the  velocity  resultant, 

The  question  then  as  to  how  far  (1)  may  be  looked  on  as  giving  a  true 
value  for  the  effect  of  the  wind  turns  on  the  rate  at  which  the  projectile  can 
aet  its  axis  in  the  direction  of  the  velocity  i-esuUant, 

The  couple  required  to  turn  the  axis  of  a  rifled  projectile  at  a  given  angular 
velocity  can  readily  be  determined  in  terms  of  its  maas,  form,  and  spin,  but       ■ 
what  the  angle  between  the  axis  of  the  projectile  and  the  direction  of  its 
motion  must  be  in  order  that  the  air  may  cause  this  couple  to  acti  is  not 
known,  and  cannot  at  present  be  calculated. 

It  is  shown,  however,  in  a  former  paper  *  that  to  produce  a  given  angular 
velocity  of  the  axis  of  a  projectile  the  couple  must  vary  as  the  fourth  power 
of  the  linear  dimension. 

For  a  given  inclination  of  the  axis  to  the  direction  of  motion  the  couple 
applied  by  action  of  the  air  will  vary  as  the  cube  of  the  linear  dimension ; 
thus  the  angular  velocity  of  the  axis  will  be  inversely  as  the  linear 
dimension ;  or  in  other  words  the  time  for  a  given  angle  will  be  as  the  linear 
dimensions. 

For  a  given  inclination  the  lateral  force  will  be  as  the  square  of  the  linear 
dimension  and  the  distance  to  which  the  lateral  force  will  carry  the  projectile 
while  turning  through  the  angle  w/vq  will  be  proportional  to  the  linear 
dimension. 

Thus,  instead  of  the  expression  in  (1)  we  should  write 

V  =  AL-\-w{t-'Il/vo),  (2) 

where  L  denotes  the  linear  dimension,  and  A  some  constant  depending  on  the 
form,  weight,  and  initial  velocity  of  the  projectile. 

If  careful  experiments  were  made  on  wind  deflection,  the  velocity  of  the 
wind  being  recorded  at  several  positions  along  the  range  at  the  instant  that 
each  shot  was  fired,f  the  value  of  A  might  be  determined,  and  therefrom  the 

*  "  The  Behaviour  of  Rifled  Projectiles  in  Air,"  *  Roy.  Soc.  Proc./  vol.  79,  p.  547. 
t  I  cannot  find  that  any  experiments  of  the  kind  have  been  made  up  to  the  present. 
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angle  which  the  axis  of  a  projectile  fired  in  still  air  makes  with  the  tangent 
to  the  trajectory. 

Attempts  have  been  made  to  measure  this  angle  photographically,  but 
hitherto  without  success,  and  the  method  here  indicated,  though  indirect, 
would,  I  think,  be  more  likely  to  attain  the  desired  result. 


On  the  Decay  of  the  Radium  Emanation  when  dissolved  in 

Water. 
By  EiCHARD  B.  MooRB,  B.Sc 

(Communicated  by  Sir  William  Bamsay,  F.R.S.     Received  May  20, — Read 

June  4,  1908.) 

The  results  obtained  by  Ramsay  and  Cameron*  on  dissolving  radium 
emanation  in  water  and  in  copper  sulphate  solution  have  made  it  advisable 
to  investigate  the  behaviour  of  the  emanation,  when  dissolved  in  such 
solvents,  from  a  radio-active  standpoint.  There  are  two  possible  explana- 
tions for  the  results  obtained  by  these  authors : — 

(1)  The  one  advanced  by  them  to  the  efifect  that  the  «-particle  is  not 
identical  with  the  helium  atom,  but  that  the  "  degradation "  of  the  large 
molecule  of  the  emanation  is  eflfected  by  bombardment  with  a-particles,  the 
products  of  the  degradation  varying  according  to  whether,  on  the  one  hand, 
the  emanation  is  alone  or  mixed  with  other  gases,  or,  on  the  other,  whether 
it  is  dissolved  in  water  or  copper  sulphate  solution. 

(2)  The  «-particle  is  a  helium  atom  under  ordinary  conditions,  but  when 
the  emanation  is  dissolved  in  water  or  copper  sulphate  solution  an  a-particle 
of  greater  mass  is  split  ofif  from  the  emanation  atom. 

If  the  latter  explanation  be  correct  the  disintegration  products  of  the 
emanation  when  it  is  dissolved  in  water  or  copper  sulphate  solution  ought 
to  be  different  from  those  obtained  from  the  emanation  when  alone  or  mixed 
with  air.  An  investigation  of  these  disintegration  products  should  throw 
light  on  the  subject. 

The  present  note  deals  with  the  rate  of  decay  of  the  radium  emanation 
when  dissolved  in  water.  The  emanation  accumulated  by  110  milligrammes 
of  radium  bromide  in  two  days,  with  the  accompanying  oxygen  and  hydrogen, 
was  collected  in  a  gas  burette  over  mercury.  After  exploding,  a  small 
amount  of  water  was  run  into  the  burette,  and  the  solution  of  the  emanation 

♦  *  Chem.  Soc  Trans.,*  voL  91,  p.  1693,  1907. 
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thus  obtained,  together  with  the  alight  excess  of  hydrogen,  was  transferred 
to  a  glass  tube  2  inches  long  and  5  mm,  in  diameter,  which  had  previonslj' 
been  exhausted.  The  solution  tilled  about  five -sixths  the  volume  of  the  tube. 
The  latter  was  sealed,  and  the  decay  curve  of  the  emanation  was  obtained  by 
means  of  the  ^-rays,  sheet  lead  being  used  to  cut  down  the  rays  to  the 
required  amount.  The  half-time  period  found  was  3^8  days.  It  may,  there- 
fore, be  assumed  that  the  emanation  decays  at  the  aame  rate  when  dissolved 
in  water  as  it  does  in  air.  The  initial  portion  of  the  curve  was  also  the 
game,  reaching  a  maximum  in  about  four  hours.  As  the  volume  of  the 
emanation  used  was  less  than  0 130  cubic  millimetre  and  the  solubility 
coefficient  at  IS'^,  as  obtained  by  Kofler,*  is  0*270,  the  ratio  of  the 
volume  of  the  emanation  in  the  gas  phase  to  that  in  the  water  phase  would 
be  small 

The  result  obtained  does  not  point  definitely  to  either  of  the  two  possible 
theories  which  have  been  mentioned.  The  degi-adation  of  a  portion  of  the 
emanation  molecules  iuto  neon  or  argon  atoms  instead  of  helium  atonas, 
would  not  necessarily  change  the  time  rate  of  decay ;  o»  the  other  hand,  the 
percentage  of  the  emauation  atoms  which  changed  per  second  might  be  the 
same  although  the  mass  of  the  a-particle  varied.  The  real  experimental 
t^st  of  the  two  theories  lies  in  a  comparison  of  the  mass  of  the  a-particlea 
from  the  emanation  when  the  latter  is  mixed  with  air,  and  when  it  is  in 
solution.     Some  work  is  in  progress  to  test  this  point. 


'  Phys.  Zeit.;  vol.  9,  pp.  6—8,  1907. 
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Percentage  of  the  inactive  Gases  in  the  Atmosphere:  a  Correction 

to  Previous  Calculations. 

By  Sir  Willia>i  Ramsay,  F.R.S. 

(Received  May  4,— Read  May  7,  1908.) 

Krypton  and  Xenon  ('Proceedings/   vol.   71,   1903,  p.  426).— The  total 
weights  calculated  from  the  volumes  are  ten  times  too  small ;  instead  of 

Kr  =  0-0028  per  cent.,  read,  0028  per  cent. 

Xe  =  0-0005        „  „     0005        „  ' 

Helium  and  Neon  ('  Proceediugs,'  A,  vol.  76,  1905,  pp.  113,  114).— All 
percentages  are  a  hundred  times  too  small ;  instead  of 

Helium  by  weight  in  gaseous  air  =  0-00000056  per  cent.,  and 

volume  „  =00000040 

recui 

Helium  by  weight  in  gaseous  air  =  0*000056  per  cent,  and 

„  volume  „  =  0-00040  „         ; 

and  instead  of 

Neon  by  weight  in  gaseous  air  =  0-0000086      „         and 

„      volume  „  =0-0000123      „ 

read 

Neon  by  weight  in  gaseous  air  =  0*00086  „         and 

„      volume  „  =0-00123 
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PIEREE    EUGfeNE  MARCELLIN   BERTHELOT,   1827—1907. 

Marcellin  Berthblot  was  a  native  of  Paris,  born  on  October  25, 1827,  in 
a  flat  looking  on  to  the  Rue  du  Mouton,  situated  in  the  Place  de  Grfeve,  now 
owing  to  the  activity  of  Baron  Haussmaun,  the  Place  de  THotel-de-Ville. 
His  father,  a  doctor  of  medicine,  was  a  member  of  the  sect  of  the  Jansenists, 
a  small  branch  of  the  Gallic  Catholic  Church.  He  was  a  serious  man, 
impatient  with  the  folly  of  his  "  concitoyens,"  and  somewhat  depressed  by 
the  poverty  and  suflferings  of  his  patients.  The  "  Church  of  Faith  "  had  its 
own  Liturgy,  and  the  congregation  joined  in  singing  psalms  and  hymns. 
Many  of  the  "prStres"  were  among  Dr.  Berthelot's  patients,  and  young 
Berthelot  must  often  have  listened  to  discussions  on  the  attempts,  ultimately 
successful,  to  substitute  the  Roman  for  the  Gallic  liturgy.  Dr.  Berthelot  was 
married  in  1826,  shortly  after  starting  practice.  His  wife  was  a  lively,  bright 
woman,  who  transmitted  her  features  to  her  son. 

At  that  time,  Charles  the  Tenth  was  on  the  throne.  The  allied  powers  had 
involved  France  in  a  "  Gouvernement  de  Cur^s  " ;  and  it  was  part  of  the  State 
Ceremonial  to  form  a  procession,  which  was  headed  by  the  Holy  Sacrament  and 
the  Papal  Nuncio,  a  cardinal  in  red,  from  the  Tuileries  to  Notre  Dame  and  back, 
and  in  which  the  King,  the  Queen,  the  Dauphin  (who,  according  to  Madame 
Berthelot  rrUre,  was  able  to  look  behind  him  without  turning  his  head),  and 
the  Court  took  part.  The  spectators,  under  the  penalty  of  sacrilege,  were 
obliged  to  kneel  as  the  Corpus  Christi  procession  passed.  Those  who  refused 
were  prosecuted  and  severely  punished. 

Such  a  travesty  of  religion  was  not  to  Dr.  Berthelot's  taste;  the 
"  bourgeoisie  "  was  liberal  and  imbued  with  the  sentiments  of  Voltaire ;  and 
the  Berthelot  family  was  of  the  bourgeois  class.  During  the  revolutions  of 
1830  and  1848,  their  house  commanded  a  full  view  of  one  of  the  chief  scenes 
of  operation,  and  young  Berthelot  must  have  often  been  a  spectator  of  many 
a  scene  of  disturbance  and  violence.  Highly  developed  intellectually,  and 
mentally  impressionable,  his  later  convictions  were  doubtless  largely  owing  to 
his  early  surroundings. 

That  Marcellin  resembled  his  mother  in  features  has  already  been  mentioned. 
But  the  resemblance  was  not  merely  external ;  there  existed  between  them 
the  most  intimate  sympathy.  Their  favourite  promenade  was  in  the  Bishop's 
garden  behind  Notre  Dame,  along  the  Quays  with  their  stalls  of  flowers,  and 
in  the  Jardin  des  Plantes.  Their  minds  were  both  quick  and  versatile  ;  they 
were  eagerly  interested  in  all  that  passed  around  them,  and,  as  Madame 
Serthelot  used  to  say  (borrowing  the  simile  from  one  of  the  invasions  which 
she  witnessed),  they  could  both  "  drive  a  Eussian  team  with  a  sure  hand  and 
at  a  full  gallop."  The  writer,  who  knew  Berthelot  only  during  his  later 
years — since  1878 — never  conversed  with  anyone  who  possessed  such  rapidity 
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of  thought.  Given  an  idea,  with  his  quick  discursive  mind  Le  would  follow 
out  all  poBfiible  paths  and  hy~wHys,  seeing  the  consequences  of  this  assumption 
and  of  that,  interposing  occiasionaUy  a  quaint  remark,  not  exactly  humofouBi 
but ''  de  plaisanterio/'  He  was  a  delightful  conversationalist,  interested  and 
intensely  interesting,  willing  to  discuss  all  possible  subjects,  and  willing,  too, 
to  hear  all  varieties  of  view,  even  tbose  contrary  to  his  own  opinion. 

His  persistence,  energy  of  character,  and  devotion  to  duty  were  inherited 
from  his  father.  Berthelot  tiaed  to  regret  that  he  had  not  inherited  has 
mother  fl  optitnism.  He  used  to  say  that  when  a  misfortune  ovortook  her,  she 
had  what  the  French  call  a  "  crise  de  larmea/'  soon  over,  and  followed  by  her 
usual  optimistic  cheerfulness ;  that  a  rainbow  generally  rose  throuf^h  her 
tears,  and  that  she  became  gaily  resigned  to  the  incumble  evih 

After  the  demolition  of  the  Rue  dn  Mouton,  the  family  moved  to  Neuilly^ 
then  quite  in  the  country.  Henan  often  looked  in  on  Sundays  as  a  guest  at 
their  midday  meaL  In  one  of  his  private  letters  he  tells  how  Berthelot  an*! 
lie  became  frientls.  He  had  just  renouncjed  his  clerical  orders,  and  was 
•*maitre-repdtiteur"  in  a  school,  where  he  led  a  lonely  and  melancholy 
existence,  depressed  by  the  mental  struggles  which  he  had  come  through,  and 
far  from  his  family  and  his  native  Brittany,  One  day,  a  pupil  about  four  years 
younger  than  himself  accosted  him  ;  the  talk  became  intimate,  and  a  friendship  ■ 
with  Berthelot  was  soon  fomied,  destined  to  endure  for  life.  Their  intei*coui;se 
was  fretpient ;  begun  early,  when  both  were  slender  youths,  never  a  year,  harrily 
a  month,  passed  without  their  seeing  each  other.  Renan  used  sometimes  US-J 
poke  fun  at  Berthelot ;  the  tale  is  told  that,  passing  a  cemetery,  Renan  said 
to  him  :  "  Li\,  voici  la  seule  place  que  tu  n'as  jamais  convoitc?."  Such  saUies 
were  always  received  with  amusement  and  good  temper.  On  another 
occasion,  provoked  by  the  remark  that  his  coat  was  worn  with  the  air  of  a 
cassock,  Eenan  retorted  :  "  What  is  there  in  you,  Marcellin,  that  gives  you 
the  air  of  just  having  left  off  fighting  behind  a  barricade  ? "  While  Berthelot 
retained  his  slender  form,  Renan  became  very  corpulent ;  Berthelot,  nervous 
and  active,  maintained  to  the  last  his  almost  feverish  love  of  work ;  Renan 
was  meditative — almost  a  dreamer.  It  was  Berthelot's  sad  duty  to  speak  of 
his  lost  friend  when  the  monument  at  Treguier  was  raised  to  his  memory. 
He  emphasised  Renan's  lucidity  even  to  the  end,  his  power  of  work,  his  great 
mental  activity ;  the  words  were  applicable  with  equal  force  to  himself. 

Never  was  there  a  more  devoted  couple  than  Monsieur  and  Madame 
Berthelot.  After  he  had  ended  his  brilliant  career  at  the  Lycte  Henri  IV, 
Berthelot  gained  the  prize  of  honour  at  the  open  competition  in  1846.  With- 
out any  coaching,  ho  passed  successively  all  his  degrees — Bachelier,  Licenci^, 
and  Docteur-fes-Sciences  ;  for  the  doctorate  he  presented  a  somewhat  sensational 
thesis,  entitled,  "  The  Compounds  of  Glycerine  with  Acids,  and  the  Artificial 
Production  of  the  Natural  Fats."  While  working  at  this  research,  he  was 
lecture-assistant  (**  pr^parateur ")  to  Balard,  at  the  College  de  France.  In 
1861,  largely  through  the  influence  of  Duruy,  then  Minister  of  Public 
Instruction,  Berthelot  was  promoted  to  the  Chair  of  Organic  Chemistry  in 
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that  institution ;  and  there  he  remained  all  his  life.  In  that  year  he  was 
awarded  by  the  Academy  of  Sciences  the  Jecker  Prize  for  his  remarkable 
researches  on  the  artificial  production  of  organic  compounds  by  synthesis, 
and  at  the  same  time  the  Academy  recommended  the  creation  of  the  special 
Chair  which  Berthelot  filled  so  long  and  so  illustriously.  In  his  own  words : 
"  Adonn^,  dfes  mes  debuts  dans  la  vie,  au  culte  de  la  v^rit^  pure,  je  ne  me 
suis  jamais  m^U  k  la  lutte  des  interets  pratiques  qui  divisent  les  hommes. 
J'ai  v^u  dans  mon  laboratoire  solitaire,  entour^  de  quelques  ^l^ves,  mes  amis." 
When  he  won  the  Jecker  Prize,  he  was  in  his  thirty-fifth  year.  The 
appointment  to  the  Chair  at  the  College  de  France  made  it  possible  for  him 
to  marry  Mademoiselle  Br^guet,  the  daughter  of  a  French  Swiss,  whose 
family  had  made  money  by  manufacturing  watches,  famed  since  the  middle 
of  last  century.  Monsieur  Br^guet  was  a  "  constructeur  industriel,"  or  • 
builder  of  factories.  He  lived  near  the  Place  de  THotel-de-Ville,  on  the  Quai 
de  THorloge,  and  the  families  were  acquainted  from  early  days.  Mademoiselle 
was  a  desirable  "  partie,"  well  dowered,  and  of  great  beauty,  which  she  retained 
up  to  the  end  of  her  life.  She  was  placid  in  manner,  with  lovely  eyes,  and  a 
brilliant  complexion,  rendered  even  more  striking,  when,  at  an  advanced  age, 
her  hair  was  silver ;  and  in  the  church  of  Saint-fitienne  du  Mont,  there  is 
a  picture  of  Sainte-H^lfene,  the  lovely  face  of  which  is  taken  from  a  portrait 
of  Madame  Berthelot  as  a  girl.  The  meeting  of  the  young  couple  wsls  some- 
what romantic;  Mademoiselle  Breguet,  no  doubt,  must  have  appeared  to 
Marcellin  to  be  beyond  his  reach,  and  besides,  his  attention  was  otherwise 
occupied.  But  one  day,  on  the  Pont  Neuf,  Mademoiselle  was  crossing  the 
longest  bridge  in  Paris  in  the  face  of  a  strong  wind,  wearing  a  charming 
Tuscan  hat,  then  the  viode.  Behind  her  walked  her  future  husband ;  suddenly 
she  turned  round,  to  avoid  having  her  hat  blown  off,  and  practically  ran  into 
his  arms.  If  not  exactly  love  at  first  sight,  it  was  a  case  of  love  at  first  touch. 
Their  married  life  was  of  the  happiest ;  indeed,  it  may  be  said  that  they  were 
in  love  with  each  other  till  the  end.  One  of  the  sons  wrote: — "Mon  p^re  et 
ma  mere  s'adoraient ;  jamais  le  moindre  nuage  n'avait  trouble  leur  bonheur. 
lis  s'dtaient  compris  dis  le  premier  jour.  lis  dtaient  si  bien  faits  pour  se 
oompl^ter !  Bien  que  tres  lettr^e  et  fort  intelligente,  maman  s'^tait  toujours 
-efiac^e  devant  son  mari,  se  bornant  k  s'efforcer  de  le  reudre  parfaitement 
heureux.  C'dtait,  k  son  avis,  la  seule  fagon  de  coUaborer  k  son  oeuvre." 
Another  intimate  friend  added : — "  Monsieur  et  Madame  Berthelot  s'adoraient ; 
tous  deux  ^taient  de  la  nature  d'^lites;  sa  compagne  n'avait  cess^  de 
Tencourager  et  de  le  soutenir."  No  one  visiting  their  house  could  fail  to 
remark  this  absolute  devotion  to  each  other;  never  was  there  a  happier 
family.  Although  not  a  conversationalist,  Madame  Berthelot,  by  her  perfect 
tact,  her  serene  manner,  and  her  charming  sympathetic  face,  knew  how  to 
make  each  guest  appear  at  his  best;  the  ball  of  conversation  was  lightly 
tossed  round  the  table,  Berthelot  himself,  by  his  quaint  and  paradoxical 
remarks,  contributing  his  share.  A  dinner  at  Berthelot's,  in  his  old  house  in 
the  Palais  Mazarin,  the  home  of  the  Institute,  was  a  thiug  to  be  remembered. 
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Always  charitably  disposed,  Madame  Berthelot  used  to  send  all  the  cast-utf 
clothes  of  the  family  to  the  cleaners,  and  after  tliey  had  been  carefully 
mended,  they  were  distributed  to  poor  friends. 

In  1881,  Berthelot  was  elected  a  *■  Permanent  Senator  "j  he  thought  it 
incumbent  on  him  to  bear  his  sham  in  the  GoYcniinent  of  his  country.  With 
hia  wife's  help^  he  managed  to  carry  on  his  two  functions  at  the  same  time. 
In  his  place  in  the  Senate,  Berthelot  used  to  sit  buried  in  his  arm-chair,  hia 
head  thrown  back,  and  his  eyes  cliDsed,  apparently  imittentive  to  all  that- 
passed  ;  bat  nothing  of  iiuportanee  escaped  him.  He  took  a  leading  and 
active  part  as  member  of  various  Committees  dealing  with  educAtion,  auil  in 
1886,  as  Minister  of  Education  in  the  Goblet  Cabinet,  he  busied  himself  with 
the  reform  of  educational  methods  in  such  a  manner  as  to  acquire  a  wiiie 
popularity;  the  Bills  introduced  by  him  de-alt  with  primary  aud  with  higlwir 
instruction,  with  univei-iiities,  and  with  teehnie^il  schools  ;  in  the  last  he  waa 
no  believer,  except  in  so  far  as  manual  training  was  given.  Later,  in  189n, 
he  was  for  a  short  time  Foreign  Minister  m  the  Bourgeois  Cabinet ;  but  the 
delays  of  pari iamen tar)'  procedure  were  not  to  his  mimb  It  was  with 
difficulty  that  he  was  persuaded  to  sign  the  Anglo-French  Treaty  defining  the 
pOBition  of  Siiim;  and,  almost  immediately  after,  he  resigned  office.  # 

lierthelot's  career  is  easily  told ;  it  consisted  of  honour  after  honour.     He 
was  elected  a  Member  of  the  Aca^l^mie  de  Medicine  in  1863,  and  in  1867  he 
collaborated  in  the  foundation  of  the  Ecole  des  Hautes  Etudes,  and  in  tli«^ 
reorganisation   of  scientific    teaching.      Membership  of  thp    Acadcmie   dea^ 
Sciences  followed  in  1873,  and  in  1889  he  became  its  Secretaire  Perpetuel. 

In  1900,  lie  had  the  rare  honour  of  being  elected  among  the  immortal  forty 
in  the  Acadt^mie  Franc^aise,  succeeding  to  the  Chair  of  Joseph  Bertrand.  Of 
28  voters,  19  voted  for  him,  9  abstaining.  F'our  years  later,  in  1904,  he 
delivered  the  statutory  discourse.  He  was  a  Member  of  the  Conseil 
Supdrieur  des  BeaiLr-Arts,  of  the  Conseil  SupSrievr  de  V Instruction  Pvhliqiu, 
and  in  1886  he  was  created  a  Grand  Officier  of  the  Legion  of  Honour.  He 
was  Foreign  Member  of  almost  every  scientific  society  in  the  world,  including 
our  own  Eoyal  Society. 

On  November  24,  1901,  the  Berthelot  jubilee  celebration,  the  anniversary 
of  his  seventy-fifth  birthday,  was  held  in  Paris,  M.  Loubet,  President  of  the 
Republic,  in  the  Chair.  It  took  place  in  the  great  hall  of  the  Sorbonne  ;  all  the 
Cabinet,  the  Ambassadors  of  all  countries,  and  delegates  from  universities  and 
scientific  societies  from  all  over  the  world  were  present.  Madame  Berthelot 
with  her  children  and  grand-children  occupied  a  conspicuous  place,  beaming 
over  with  unaHected  pleasure ;  Berthelot  had  declined  the  State  offer  to  make 
a  triumphal  procession  in  the  carriage  of  the  President  with  a  military  escort ; 
he  went  on  foot  from  the  Quai  Voltaire  to  the  Sorbonne,  his  greatcoat  buttoned 
so  as  to  hide  the  grand-cordon  of  the  Legion  of  Honour,  and  his  head  down  so 
as  to  avoid  recognition.  He  was  embraced  by  the  President  of  the  Republic, 
and  amid  the  enthusiastic  applause  of  the  spectators,  address  after  address 
was  delivered,  each  delegate  conveying  the  congratulations  of  the  body  which 
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he  represented.     It  was  a  national  ffite.    Thus  did  the  French  honour  science 
and  its  doyen. 

On  March  18,  1907,  the  end  came.  Madame  Berthelot  had  been  ailing  for 
about  three  months ;  it  turned  out  to  be  an  attack  of  heart-disease,  dangerous 
at  the  age  of  seventy.  After  she  was  confined  to  bed,  Berthelot  watched  by 
her  each  night,  seated  in  a  deep  arm-chair,  only  leaving  her  when  she  was 
asleep.  He  himself  suflFered  from  the  same  disease,  and  it  was  accelerated  by 
his  want  of  rest.  His  family  noticed  his  feverish  appearance  in  the 
mornings ;  he  excused  himself  by  saying  that  he  was  finishing  a  memoir  for 
publication.  On  Passion  Sunday  there  was  a  slight  improvement,  and 
Berthelot  passed  the  afternoon  in  his  laboratory  at  Meudon.  That  night, 
however,  Madame  Berthelot  became  comatose,  and  her  husband  never  left 
her  bed-side  until  Monday  at  four,  when  the  end  came.  Berthelot  suddenly 
rose  from  the  arm-chair  in  which  he  was  seated,  threw  his  arms  in  the  air, 
uttered  a  cry,  and  fell  back  dead.     They  died,  as  they  had  lived,  together. 

It  now  remains  to  give  a  sketch  of  Berthelot's  scientific  work.  The 
"  Prix- Jecker  "  has  already  been  alluded  to.  This  was  the  reward  of  his 
labours  on  the  synthesis  of  carbon  compounds.  He  began  in  1851  by 
investigating  the  action  of  a  red-heat  on  alcohol,  acetic  acid,  naphthalene,  and 
benzene ;  this  led  him  in  1860  to  the  rediscovery  of  acetylene,  a  compound 
originally  obtained  by  Edmund  Davy,  Sir  Humphry's  brother.  In  1856,  he 
syuthesised  methane  by  the  action  of  a  mixture  of  sulphuretted  hydrogen 
with  carbon  disulphide  on  copper ;  and  in  1862  he  obtained  ethylene  and 
acetylene  by  heating  marsh-gas  to  redness.  His  condensation  of  acetylene 
to  benzene  in  1866  established  the  first  link  between  the  fatty  and  the 
aromatic  series.  His  direct  synthesis  of  acetylene  from  caibon  and 
hydrogen  in  1862,  and  the  formation  of  alcohol  by  hydrolysing  ethyl- 
sulphuric  acid,  obtained  by  absorbing  ethylene  in  sulphuric  acid,  taken  in 
conjunction  with  his  synthesis  of  hydrocyanic  acid  in  1868.  pointed  the 
way  to  the  formation  from  the  elements  of  innumerable  complicated 
compounds  of  carbon. 

Much  light  has  also  been  thrown  by  Berthelot  on  the  alcohols.  In  1857,  he 
produced  methyl  alcohol  from  marsh-gas  by  chlorination  and  hydrolysis ;  in 
1858,  he  recognised  cholesterine,  trehalose,  meconine,  and  camphol  as  alcohols 
in  1863,  he  added  thymol,  phenol,  and  cresolto  the  same  class;  and  he  showed 
how  to  diagnose  alcohols  by  acetylation. 

Turning  to  the  esters,  the  nature  of  glycerine  occupied  his  attention 
in  1853 ;  in  that  year  he  succeeded  in  synthesising  some  animal  fats,  and 
showing  their  analogy  with  esters,  as  has  already  been  mentioned ;  and 
he  prepared  other  salts  of  glyceryl  by  submitting  it  to  the  action  of  acids. 
The  action  of  hydriodic  acid  was,  however,  found  to  yield  two  substances  of 
a  different  nature,  namely,  isopropyl  iodide,  and  allyl  iodide ;  and  from  the 
latter,  he  prepared,  for  the  first  time,  artificial  oil  of  mustard.  The  analogy 
of  sugars  with  glycerine  led  him  to  investigate  the  action  of  acids  on  sugars, 
and  this  resulted  in  the  synthesis  of  many  of  their  esters.     The  fermentation 
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of  mannite  and  other  polyhydric  alooholB  was  also  studied  in  1856  and  1857 ; 
also  the  conversion  of  mannite  and  glycerine  into  sugars,  properly  so  called, 
The  esters  of  pinite,  etc.,  with  tartaric  acid^  wei^  also  studied,  and  in  1858, 
trehalo&e  and  melezitose  were  discovered.  In  1859  Berthtlot  maintained 
that  the  action  uf  yeast  is  not  a  yitaJ^  hot  a  cbemical  phenomenon  ;  and  he 
returned  again  and  again  to  the  study  of  fermentation. 

These  and  other  similar  investigations  on  e-sters  led  him,  in  conjunction 
witl]  P&n  de  Saint-Gilles,  to  investigate  the  mte  of  eaterification;  and  the 
experimenta,  be^^un  in  1861,  led  to  a  long  piece  of  work  on  chemical 
equilibrium,  and  on  "affinity/'  In  1869  he  attempted  to  limit  the  action  of 
hydrochloric  acid  on  zinc  by  pressure,  but  imsuccess fully ;  and  in  the  same 
year  he  investigated  the  equilibrium  between  carbon  aiid  hydrogen,  in 
sparking  acetylene  under  pressure.  And  later  in  that  year  he  atmounced 
laws^  deacribing  the  partition  of  bodies  l)etween  two  solvents,  and  ho 
investigated  the  state  of  equilibrium  in  solution.  In  the  same  year 
appeared  the  first  of  the  loug  series  of  researches  on  thermal  chemistry, 
111  1875  he  returned  to  the  subject  of  chemical  equilibrium,  dealing  with  the 
partition  of  acids  between  several  bases  in  solution. 

Among  other  syntheses  was  that  of  ft>rmie  acid  from  caustic  soda  and 
carbon  monoxide;  oxalie  acid  was  produced  by  the  oxidation  of  acetylene; 
and  acetates,  by  the  alow  oxidation  of  acetylene,  in  contact  with  air  and 
caustic  potash*  in  diffuse  daylight. 

In  1857  the  combuiation  of  unsaturated  hydrocarbons  with  the  halogen 
acids  was  studir^-l,  fl^  wr^ll  tis  the  con%^ei'su>n  of  ehloro-  and  bronn^-  liydro- 
carbons  into  hydrocarbons  by  reduction.  In  1860  ethyl  iodide  was 
synthesised  by  the  union  of  ethylene  with  hydriodic  acid;  and  in  1867  the 
use  of  a  concentrated  solution  of  hydriodic  acid  as  a  universal  reducing  agent 
at  high  temperatures  was  discovered. 

Berthelot's  numerous  and  important  researches  on  the  acetylides  of  silver 
and  copper  doubtless  led  him  to  pay  attention  to  explosives.  Begun  in  1862, 
they  were  continued  until  1866 ;  and  in  that  year  he  enunciated  the  theory 
that  the  production  of  mineral  oils  may  conceivably  have  been  due  to  the 
action  of  water  and  carbonic  acid  on  acetylides  of  the  alkaline  metals,  and 
to  the  subsequent  resolutions  of  acetylene  at  a  high  temperature  into  other 
hydrocarbons.  These  researches  on  the  acetylides  were  followed  in  1870  by 
investigations  on  the  explosive  force  of  powders,  the  explosions  being  carried 
out  in  a  calorimeter. 

In  1871  Berthelot  proceeded  to  investigate  the  detonation  of  mixtures  of 
gases,  and  he  made  measurements  of  the  heat  of  formation  of  nitro-glycerine. 
In  1874  and  1876  the  work  was  continued;  and  in  1877  it  was  extended  to 
the  temperatures  of  explosive  mixtures,  and  to  the  velocity  of  combustion. 
In  1878  explosive  mixtures  of  dust  with  air,  and  in  1880  fulminating 
mercury,  were  examined.  A  research  on  the  velocity  of  the  explosive  wave 
in  gases  followed  in  1882;  and  in  1884  measurements  of  the  specific  heats 
of  gases  at  high  temperatures  were  made.     In  the  same  year  the  calorimetric 
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bomb  was  invented;  and  in  1892  it  was  adapted  to  the  requirements  of 
organic  analysis. 

Allotropic  varieties  of  the  elements  also  claimed  Berthelot's  attention. 
In  1857  he  commenced  with  a  study  of  allotropic  varieties  of  sulphur;  and 
in  1870  he  investigated  these  varieties  thermally.  In  1869  he  examined 
the  allotropic  varieties  of  carbon,  and  this  led  him  to  the  preparation  of  various 
forms  of  graphitic  oxides.  Allotropic  silver  and  other  allotropic  forms  were 
also  the  subject  of  his  research. 

Berthelot  also  did  much  work  by  help  of  the  "  silent  discharge." 
Attracted  to  it  in  1876,  when  he  submitted  mixtures  of  organic  substances 
with  nitrogen  to  its  influence,  and  succeeded  in  causing  the  nitrogen  to  enter 
into  combination,  he  repeated  Brodie's  experiments,  and  reproduced '  the 
oxide  C4O3.  In  1878  he  produced  by  the  same  means  the  higher  oxide  of 
sulphur,  SaOj,  in  needles  often  a  centimetre  in  length,  and  in  1881  pernitric 
Anhydride.  In  1895  he  carried  out  similar  work  with  argon,  and  later  with 
helium. 

From  an  early  date,  Berthelot  interested  himself  in  agricultural  chemistry. 
From  his  laboratory  at  Meudon,  assisted  by  his  colleague,  Andr^,  have  appeared 
a  succession  of  memoirs,  chiefly  relating  to  the  absorption  of  nitrogen  by 
plants,  and  to  their  behaviour  uuder  the  influence  of  electric  energy.  To  the 
very  end  his  interest  was  kept  up  in  these  experiments ;  and  he  was  hopeful 
■of  increasing  by  electrical  means  the  productiveness  of  cereals,  and  of  adding 
to  the  world's  food-supply. 

Though  so  keenly  alive  to  the  present,  the  past  had  for  Berthelot  a  great 
4ittraction.  In  1877  he  analysed  a  sample  of  Roman  wine,  which  had 
been  preserved  in  a  sealed  flask;  and  he  has  contributed  to  the  Journals 
many  notices  of  the  composition  of  ancient  objects  of  metal.  His  works 
on  "  Les  origines  de  TAlchemie,"  and  on  a  "  Collection  des  anciens 
Alchimistes  grecs,  texte  et  traduction,"  and  his  "  Introduction  k  Tetude 
de  la  Chimie  des  Ancieus  et  du  moyen  age"  involved  long  research 
of  ancient  manuscripts ;  he  acquired  facility  in  reading  ancient  Greek, 
though  for  Arabian  sources  he  was  dependent  on  others. 

Berthelot  was  the  author  of  numerous  works  besides  those  on  Alchemy. 
In  1872  he  published  a  Treatise  on  Organic  Chemistry;  a  fourth  edition 
Appeared  in  1899.  This  was  followed  by  "  La  Synthase  chimique  " ;  "  Essai 
(le  Chimie  m^chanique"  (1879),  in  which  he  announced  the  principle  of 
^'  maximum  work,"  a  doctrine  afterwards  withdrawn,  or,  at  least,  greatly 
modified  in  1894 ;  "  Trait(5  pratique  de  Calorimetrie  chimique "  (1893) ; 
*' Thermochimie :  Donn^ea  et  lois  num^riques  "  (1898),  in  which  an  account 
of  his  long  series  of  calorimetrical  measurements  is  given ;  this  work  and 
that  of  Julius  Thomsen  on  "  Thermochemie "  are  the  standard  books  on 
the  subject,  and  each  contains  the  results  of  the  individual  researches  of  its 
Author. 

Berthelot's  mind  was  one  which  interested  itself  greatly,  not  merely 
vith   things,   but    with   their    origins;   and    in   "Science  et    Philosophic" 
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and  '*  Science  et  Af  omle  "  he  treats  of  the  relation  of  science  to  human 
thought.  The  saine  critical  spirit  inanifests  itself  in  his  "Histoire  des 
Sciences;  La  Chiinie  an  moyen  sige/*  in  which  Syrian  and  Arabian  Alchemy 
is  treated  of. 

A  partisan  of  Lavoisier,  "  la  Ee volution  c him i que  de  Lavoisier  "  presents 
that  point  of  view  strongly.  He  also  published  his  correspondence  with 
Kenan  in  1898. 

The  lectures  which  he  deJivered  at  tlie  College  de  France  were  published 
under  the  titles  "Le^^'una  aur  Ics  Methodes  guuei ales  de  Synth J-se  en  Chieiie 
organ  iqne  "  ;  "  Let^ons  sur  la  thermochiniiti  *' ;  "Lec^ons  sur  les  principefcf 
sucri^  " ;  and  "  Lecons  sur  risom^rie."  The  application  of  thermal  chemistry 
to  problems  of  life  was  treated  of  in  his  "  Chaleur  animale,"  and  in  1901  he 
published  three  volumes  on  "  Lea  Carbures  d'Hydrogene." 

One  point  remains  to  be  mentioned.  It  lias  sometimes  been  olyeeted  tliai 
BerUK^lot  kept  science  on  a  wron^L^  yiuth  by  persistently  retaining  the  old 
nystem  of  representing  formulw,  aflev  all  the  rest  of  the  world  had  abandoned 
iL  The  writer  rum  embers  well  a  conversation  in  the  late  *80*Sj  in  which 
Berthelot  defended  liis  views.  He  thought  the  position  of  those  who 
employed  the  customary  notation  (and,  of  ipurse,  they  comprised  practicallj 
the  whole  chemical  world)  not  unlike  that  of  the  defenders  of  the  phlogiston 
theory !  The  retort  was  obvious,  but  not  made.  Bert  helot  had  not  even 
the  excuse  of  Oaveudish^  who  after  a  calm  deliberate  sU^tement  of  the 
results  of  his  research  in  terms  of  the  then  new  hypotliesis  ot  Lavoisier 
re-stated  it  in  ternis  of  the  phlugi^^tic  metluKl,  i^nyin;^^  tli^il  he  pref*Tred  t<> 
make  use  of  the  older  and  better  known  language,  rather  than  of  the  newer 
modes  of  expression.  For  in  1890  Bertbelot  was,  perhaps,  the  only  survivor 
of  the  older  chemists.  Professor  Guye,  who  attended  his  lectures  in 
1890-91,  tells  that  the  session  was  begun,  as  usual,  with  the  special  notation 
of  which  Bertbelot  was  the  sole  defender  (**  equivalents  based  on  two  volumes 
of  vapour  "),  and  that,  without  the  sliglitest  warning,  in  the  middle  of  a 
"  chapitre/'  to  the  great  astonishment  of  his  audience,  he  effected  the  change, 
dealing  with  a  subject  of  which  the  first  portion  had  been  expounded  in  the 
"  equivalent "  notation,  and  continuing  in  the  newer  notation  of  which  he 
had  so  long  been  the  opponent. 

No  one  is  more  conscious  than  the  writer  that  lie  has  failed  to  do  justice 
to  this  remarkable  personality.  His  only  excuse  is  that  he  has  done  his 
best.  He  wishes  that  it  were  possible  to  convey  to  the  reader  a  sense  of 
the  brilliancy,  the  vivacity,  the  power,  the  ability,  the  talent,  and  the  high 
character  of  the  great  chemist.  In  the  life-like  plaquette  by  Chaplain,  his 
features  and  bis  attitude  have  been  admirably  reproduced.  Truly  he  was 
one  of  the  most  remarkable  of  the  eminent  men  of  whom  France  may  be 
proud.  He  and  his  wife  lie  in  the  vaults  of  the  Pantheon,  in  life  united,  in 
death  not  put  asunder. 

W.  Pt. 
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LUDWIG  BOLTZMANN.     1844—1906. 

LUDWIG  BOLTZMANN  was  born  on  February  20,  1844,  and  was  the  son  of 
Ludwig  Boltzmann,  Fin.-Bez.-Kommiss.,  and  Katherina  Paurenfeind.  He 
was  educated  at  the  Gymnasium  at  Linz,  from  whence  he  proceeded  to  the 
University  of  Vienna.  He  appears  to  have  been  early  attached  to  the 
study  of  molecular  mathematical  physics,  for  his  paper,  "  Ueber  die 
mechanische  Bedeutung  des  zweiten  Hauptsatzes  der  Warmetheorie,"  was 
read  on  February  8, 1866,  and  was  thus  written  at  the  age  of  21.  Boltzmann 
obtained  the  Doctorate,  and  became  Privat-Dozent,  and  in  1867  was 
appointed  Assistant  in  the  Physical  Institute  of  the  University  of  Vienna. 
This  Institute,  where  much  of  Boltzmann's  best  work  was  done,  was  a  large 
and  dingy-looking  house  in  the  Tiirkenstrasse,  and  formed  a  striking  contrast 
to  the  palatial  edifices  without  which  no  physical  department  is  content 
nowadays.  But,  if  the  bricks  and  mortar  looked  uninviting,  the  brains 
inside  more,  than  made  up  for  the  deficiency.  In  or  before  1875,  Boltzmann 
became  corresponding  member  of  the  Vienna  Academy  of  Sciences,  and, 
about  a  year  later  or  thereabouts,  he  obtained  a  chair  at  the  University 
of  Graz,  where  he  remained  till  about  1891.  In  1876  he  married  Henrietta 
von  Aigentier,  and  in  1885  he  was  promoted  from  corresponding  to  ordinary 
membership  of  the  Vienna  Academy.  In  1891  he  was  called  to  fill  a 
vacant  chair  at  Munich,  and  four  years  later  was  appointed  Professor  of 
Physics  at  Vienna.  In  1904  he  was  called  to  Leipzig.  He  was  not  happy 
in  the  new  surroundings,  and  the  longing  to  return  to  his  old  University 
resulted  in  Us  stay  at  Leipzig  Ijeing  an  extremely  short  one — a  matter  of 
a  few  months,  we  l^elieve.  In  addition  to  the  duties  attaching  to  the 
Chair  of  Physics,  the  authorities  i)laced  a  course  of  outside  lectures  in  his 
hands,  and  with  this  and  other  work  he  was  able  to  earn  an  income  of  about 
£800  a  year.  His  election  as  corresponding  Fellow  of  our  Society  dates 
from  1899. 

In  estimating  the  value  of  Boltzmann's  work  in  that  branch  of  mathematical 
physics  with  which  his  name  is  so  intimately  associated,  it  would  be  a  diflBcult 
and  unproductive  task  to  discuss  claims  of  priority  on  mere  matters  of 
details.  The  groundwork  of  the  Kinetic  Theory  of  Gases,  and  in  particular 
the  opinion  that  temperature  is  a  quantity  of  the  same  kind  as  molecular 
kinetic  energy,  had  of  course  remained  buried  in  the  manuscript  of  Waterston 
long  before  Boltzmann's  first  paper  was  published.  But  while  others  were 
working  side  by  side  with  Boltzmann  during  a  great  part  of  the  time  that 
he  was  publishing  his  best  work,  it  cannot  be  said  that  this  concurrence 
in  any  way  lessened  the  importance  of  Boltzmann*s  work.  It  is  certain 
that  his  first  paper  on  the  Second  Law  antedates  by  several  years  the 
first  of  the  Clausius-Szily  series  of  papers  on  the  same  subject.  If 
Boltzmann*8  original  proposal  to  establish  that  law  on  a  purely  deductive 
basis,  and  to  penetrate  beyond  the  inevitable  assumption,  which  seems  to 
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piresent  itaelf  at  every  step  as  a  bar  to  further  pi-pgresa,  formed  the  work  of 
a  lifetime,  oertainly  Clau8iu8  and  Szily  did  not  do  much,  if  anything,  in 
attempting  to  unearth  and,  if  possible,  root  out  the  assumption  in  question.   In 

fact,  the  assumption  underlying  the  yecoud  Lftw  has  Iteen  a  stumbling  blijck 
^md  at  tlie  same  time  a  stimiJus  to  progress  which  has  played  much  the  same 
part  in  the  development  of  statistical  tliermodynamicjs  that  Euclid's  axiom 
has  i>tayed  in  the  development  of  geometry. 

In  the  first  place  the  notion  of  temperature  leads  to  the  conception  of  a 
law  of  partition  of  energy^  Boltzinann  was  not  long  in  following  up  in  the 
d  inaction  started  by  Maxwell,  and  hia  eriticisnis  and  further  developments, 
leading  in  turn  to  further  work  from  the  pen  of  Maxwell — Boltzmann  was  only 
24  at  the  time — must  be  regarded  as  striking  achievements  on  the  part  of 
two  young  physicists  of  that  jieriod.  Next  comes  the  diffieult  question  of 
irreversibility,  and  in  the  tlieorem  known  as  Boltzmann's  Minimum  Theoi^m 
we  have  a  remarkable  contril)utiou  indeed.  If  any  element  of  chanee  is 
assumed  to  enter  iuUi  the  question  of  molecular  motions,  this  theorem 
estalilishes  a  definito  tendency  to  a  state  of  energ)^  equilibrium.  That 
it  docs  not  difijieuse  witli  the  inevitable  a^umption  is  shown  by  imagining 
the  motion  reversetL  It  is  true  that  thiw  wouhl  lead  to  a  highly  improbuble 
hypothesis  namely,  that  the  probabihty  of  a  ct>llision  lietween  two  molecules 
depended  on  their  motions  after  instead  of  l)efoiTe  collii^ioo.  But  even  »o, 
the  matter  is  not  a  question  of  pure  particle  dynamics.  Later  discussionB 
of  the  minimum  theorem  viewed  in  the  present  aspect  have  led  to  an  output  of 
mud  I  *foo[l  work  r>ii  tin'  part  of  l^inltzmann. 

A  fresh  line  of  thought  was  opened  up  by  an  idea  previously  suggested 
l)y  Dr.  Oskar  Emil  Meyer  in  the  application  of  the  theory  of  probability  to 
problems  of  statistical  dynamics.  Boltzmann  proved  that  in  a  molecular 
dynamical  system  if  for  a  single  molecule  all  values  of  the  coordinates  and 
corresponding  momenta  are  a  ])riori  equally  probable,  then  the  most 
probable  distribution  in  an  aggregate  consisting  of  a  large  number  of  molecules 
is  the  well-known  Boltzmann-Maxwell  distribution.  He  also  established 
relations  between  the  probalulity  function  and  entropy.  This  method  of 
investigation  was  applied  quite  recently  to  quite  a  different  purpose,  namely, 
the  irreversible  problems  of  radiation,  by  Planck,  and,  though  Planck's  book 
has  only  been  out  a  short  time,  it  has  already  received  discussion  at  the 
hands  of  Dr.  Paul  Ehrenfest,  of  Goettingen.  The  publication  of  Helmholtz's 
jimper  on  monocyclic  systems  gave  Boltzmann  another  method  of  attack,  and 
led  to  a  detailed  examination  of  the  conditions  that  a  system  should  be 
*'  statistically  monocyclic,''  a  point  of  view  which  does  not  seem  to  have  been 
foreshadowed  to  any  great  extent  ])y  Helmholtz. 

Of  other  subjects  on  which  Boltzmann  wrote,  we  need  only  refer  to  his 
lectures  on  Maxwell's  electrical  and  optical  theories,  his  studies  of  the 
Lagmngian  equations  for  non-holonomic  systems,  and  liis  papers  on  Hertz's 
^experiments. 

Boltzmann  attended  the   British  Association  at  Oxford  in  1894,  and  was 
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also  present  for  a  short  time  at  the  Southport  Meeting  in  1903,  and  many 
English  workers  were  thus  brought  into  personal  touch  with  the  Vienna 
physicist.  His  visit  to  Oxford  will  long  be  remembered.  He  was  greatly 
struck  with  the  reception  accorded  him  and,  in  returning  thanks  for  the 
foreign  guests,  he  expressed  a  wish  to  "  often  come  at  England." 

Since  Boltzmann  first  came  to  the  front  the  trend  of  physical  thought 
has  shifted  from  molecules  to  the  ether,  and  from  the  ether  to  electrons. 
We  have  thus  come  back  to  kinetic  theories,  and  have  merely  extended  the 
order  of  smallness  of  the  particles  of  which  these  theories  take  cognisance. 
But,  while  students  of  reversible  phenomena  have  had  fairly  straightforward 
problems  to  solve,  the  problem  of  irreversibility  still  remains  to  a  great 
extent  a  mystery,  and  nobody  seems  as  yet  to  have  got  to  the  bottom  of  it. 
The  irreversible  phenomena  of  the  universe  all  have  a  certain  definite  trend, 
and  lead  to  the  transformation  of  energy  into  certain  definite  forms.  We 
say  that  certain  forms  of  energy  are  less  available  than  others,  but  why 
the  less  available  forms  are  those  associated  with  what  are  commonly  called 
heat  phenomena  is  a  riddle  which  Boltzmann  went  far  to  solve,  but  which 
still  presents  difficulties. 

In  1904,  on  the  celebration  of  Boltzmann *s  sixtieth  birthday,  physicists 
in  all  parts  of  the  world  worked  together  to  honour  the  occasion  by  producing 
as  a  FestscJunft  a  monumental  volume  dealing  with  every  aspect  of  physical 
thought. 

The  news  that  Boltzmann  had  committed  suicide  while  away  on  his  summer 
holiday  last  August  came  as  a  terrible  shock  to  those  who  knew  him.  Of 
the  details  of  the  incident  the  present  writer  knows  nothing,  but  surely 
it  suggests  several  serious  reflections.  Ts  it  not  probable  that  Boltzmann's 
ever-active  brain  had  been  taxed  too  heavily  by  the  difficult  and  elusive 
problems  which  he  was  endeavouring  to  solve  ?  Mathematical  research  is 
a  dangerous  occupation  if  carried  too  far,  and  the  consequences  that  may 
have  been  the  result  of  this  intense  concentration  of  thought  should  prove 
a  warning  to  others  not  to  allow  themselves  to  be  too  deeply  absorbed  in 
any  particular  investigation.  The  difficulty  of  tearing  oneself  away  from 
a  particular  line  of  work  till  it  has  been  finished  constitutes  a  grave  danger. 
There  are  few  mathematicians  and  physicists  who  would  not  gladly  accept 
life-fellowships  that  would  enable  them  to  devote  their  whole  time  to  research, 
but  would  tliey  live  to  do  their  best  work  under  such  artificial  conditions  ? 
It  may  be  that  such  obstaclQS  and  difficulties  as  the  necessity  of  undertaking 
some  elementary  teaching  constitute  an  analogue  to  the  refrigerator  which 
is  necessary  for  the  continuous  and  efficient  working  of  a  thermodynamic 
engine. 

Boltzmann  leaves  behind  him  four  children,  and  when  last  the  present 
writer  visited  him  at  Vienna  in  1903,  his  eldest  son  and  daughter  were 
studying  for  the  University.  It  need  hardly  be  added  that  the  honorary 
title  of  Hofrat  was  conferred  on  him  by  the  Austrian  Government. 

G.  H.  B. 


August  Dupre  was  bom  at  Maitiz  od  September  6^  1835,  and  died  at  hiB 
residence,  Mount  Edgcumbe,  Sutton,  Surrey,  after  some  weeks'  illness,  on 
July  15,  1907,  iu  his  seventy-second  year.  He  was  the  second  mn  of 
J.  F.  Dupre,  a  merchant  and  citizen  of  the  then  Freie  Keichastadt  of 
Frankfurt-am -Main,  and  his  birth  was  entered  in  the  register  of  the  **  Freie 
Pi-anzoftiache  Gemeinda  "  of  that  city.  On  his  father's  side  Duprc*  traces  his 
descent  in  a  direct  line  from  Cornelius  Dupre,  a  French  Huguenot  who  left 
France  in  1685,  after  the  suspension  of  the  Edict  of  Nantes,  and  settled  in  the 
Palatinate,  and  who  distinguished  himself  later  as  au  officer  in  the  army  of 
Prince  Eugene,  Dupr^*B  mother  was  also  of  Huguenot  descent.  His  family 
was,  therefore^  originally  French,  but  by  iiitermarriage  had  become 
practically  German  in  the  course  of  a  hundred  and  fifty  years. 

Duprc  had  a  somewhat  varied  school  education  wliich  he  completed  at  the 
Polytechnic  schools  of  (tiessen  and  DarmstadU  and  entered  as  a  student  of  the 
I  University  of  G lessen  in  1852,  at  the  age  of  seventeen.  There  he  studied 
chemistry  under  Professor  Will,  also  attending  the  lectures  of  Kopp  and  others. 
From  Giessen  he  proceeded  to  Heidelberg  in  1854,  Bunsen  and  Kirchoff  being 
among  his  teachers,  and  there  he  finally  took  his  degree  of  13 oc tor  of  l^hilosophy 
in  1855,  being  barely  twenty  years  old.  It  is  interesting  to  note  that  fifty 
years  later,  in  1905,  the  University  renewed  his  Diploma  (Goldenes  Doctor- 
Jubilaum)  in  recognition  of  his  scientific  work.  Among  his  fellow  students 
at  Giessen  and  Heidelberg  who  became  famous  in  later  life  were  Harley, 
Matthiessen,  Roscoe,  and  Volhard. 

In  the  autumn  of  1855  Dupre  proceeded  to  London  and  became  assistant 
to  Odling,  whom  he  accompanied  to  Guy's  Hospital,  remaining  with  him 
till  1863. 

In  1864  he  was  appointed  Lecturer  on  Chemistry  and  Toxicology  at  the 
Westminster  Hospital  Medical  School,  in  succession  to  his  elder  brother. 
Dr.  F.  W.  Duprc',  who  had  given  up  the  appointment  in  order  to  take  up 
mining  in  the  then  recently  discovered  salt  deposits  of  Stassfurt,  in  connection 
with  which  he  is  now  so  well  known. 

August  Dupre  remained  in  London  for  the  rest  of  his  life,  and  became  a 
naturalised  English  subject  in  1866.  He  resigned  his  appointment  at  the 
Westminster  Medical  School  in  1897,  after  thirty-three  years'  tenure,  but 
during  the  last  ten  years,  owing  to  pressure  of  consulting  work,  he  had 
practically  handed  over  the  lectureship  to  the  writer,  who  was  associated  with 
him  as  Assistant-Lecturer  from  1885.  From  1897  till  his  death  in  1907  he 
continued  to  practise  as  consulting  chemist,  both  privately  and  in  connection 
with  several  Government  Departments,  at  his  private  laboratory  in  Edinburgh 
Mansions,  Westminster. 
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Soon  after  he  left  the  University  Dupr(5  began  to  publish  vjurious  scientific 
papers  and,  owing  doubtless  to  this  fact  and  the  reputation  for  ability  which 
he  enjoyed  in  his  own  immediate  circle,  it  was  not  long  before  he  obtained 
several  other  public  appointments  in  addition  to  the  lectureship  at 
Westminster. 

Thus  in  1871  he  was  appointed  Chemical  Referee  to  the  Local  Government 
Board  and  about  this  time  he  was  first  consulted  by  Sir  Vivian  Majendie,  then 
Colonel  Majendie,  Chief  Inspector  in  the  Explosives  Department  of  the  Home 
Office,  to  which  Department  he  shortly  after  became  permanently  att8U3hed  as 
Consulting  Chemist.  In  1873  he  became  Public  Analyst  for  Westminster, 
which  post  he  held  till  1901.  In  1874  he  was  appointed  Lecturer  on 
Toxicology  at  the  London  School  of  Medicine  for  Women,  an  appointment 
in  which  he  always  showed  the  keenest  interest  and  which  he  held 
till  1901. 

He  was  also  consulted  by  the  Board  of  Trade,  the  Treasury  and  the  late 
Metropolitan  Board  of  Works. 

In  all  these  appointments  and  consultations  he  may  be  said  to  have 
distinguished  himself  brilliantly,  by  his  rapid  and  thorough  grasp  of  the 
problems  in  hand,  his  marked  originality,  his  extreme  conscientiousness,  his 
intense  enthusiasm,  and  his  infinite  capacity  for  taking  trouble.  He  rapidly 
rose  to  eminence. 

In  1875  he  was  elected  a  Fellow  of  the  Eoyal  Society.  In  1877  he  became 
President  of  the  Society  of  Public  Analysts.  From  1871  to  1874  he  sat  on  the 
Council  of  the  Chemical  Society.  In  1885  he  was  made  a  Vice-President  of 
the  Institute  of  Chemistry.  In  1886  he  was  elected  Examiner  in  Chemistry 
to  the  Eoyal  College  of  Physicians,  and  again  in  1892. 

In  1888  he  was  appointed  a  Member  of  the  War  Office  Committee  on 
Explosives,  in  1891  an  Associate  Member  of  the  Ordnance  Committee,  and 
in  1906  a  Member  of  the  Ordnance  Research  Board. 

His  earlier  work  for  the  Local  Government  Board,  beginning  in  1871,  was 
largely  analytical,  but  in  1884,  1885,  and  1887  he  made  a  series  of  investiga- 
tions in  connection  with  the  purification  of  water  supplies  by  aeration  and  by 
the  agency  of  bacteria,  which  must  certainly  rank  as  original  researches  of 
high  merit  and  which  undoubtedly  have  assisted  greatly  in  the  evolution  of 
the  most  modern  methods  of  treating  sewage.  They  are  published  in  the 
Medical  Officers'  Eeports  of  the  above  dates,  but  are  probably  not  widely 
known  in  the  present  day. 

In  conjunction  with  Abel,  Dibdin,  Keates,  Odiing,  and  Voelcker  he  advised 
the  late  Metropolitan  Board  of  Works  as  to  the  condition  of  the  Thames  in 
1878, 1882,  and  1883,  and  in  1884  made  numerous  experiments  in  conjunction 
with  Mr.  Dibdin  on  the  treatment  of  London  sewage  on  a  large  scale.  This 
work  is  referred  to  at  great  length  in  the  Eeport  of  the  Eoyal  Commission  on 
Metropolitan  Sewage  Discharge  in  1884.  He  was  a  Member  of  the  Depart- 
mental Committee  on  White  Lead  in  1893,  and  gave  evidence  before 
numerous  other  Eoyal  Commissions. 
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Of  all  this  Government  work  it  was  the  Home  Office  appointment  wliieh 
mamly  occupied  him.  When,  in  1871»  he  was  first  consulted  by  the 
Explofiives  Dej>artment,   the   mamifacture    in    England    of   dynamite  and 

guncotton  had  but  recently  commeneeil,  and  these  two  were  practically 
the  only  high  explosives  known  at  that  time.  Much  liad  to  be  done  im 
the  part  of  the  Government  in  connection  with  the  safe  mannFactnre. 
8ton^3,  tranaport,  and  use  of  these  explosives,  and  the  rapid  develop- 
ment of  the  intlustry  nece^tated  the  introduction  of  the  Explosives  Act  of 
1875.  In  1876  the  authorised  list  of  explosives  comprised  twelve  kimb 
only,  but  in  1907  it  had  risen  to  182.  In  addition,  during  thia  period, 
108  explosives  had  been  passed  by  the  Home  Office  after  examination  by 
Duprt?,  and  over  one  hundred  had  been  rejected  by  his  advice.  He  thus 
investigated,  during  a  period  of  thirty-aix  years,  nearly  four  hundred  entirely 
new  explosives  of  the  moat  varied  comi>osition,  and  farther  examined,  nt 
frequent  intervals,  all  explosives  ini ported  into  England,  as  to  safety.  In 
tlie  course  of  this  work  he  liad  often  to  evolve  original  methods  of  aBalysis  or 
of  testing  for  safety,  and  in  this  latter  direction,  especially,  he  rendered  great 
services  to  the  Go%*crumtmt.  and,  indirectly,  to  the  public. 

It  was  also  part  of  his  duty  to  asesist  H,M.  Inspectors  in  investigating  the 
causes  of  various  accitlenta!  explosions  in  factories  and  elsewhere,  whicJi 
occurred  from  tinje  to  time.  His  work,  tlierefore,  involved  heavy  re^ponsi- 
bllities,  and  sometiujcs  morions  personal  risks,  notably  during  the  Fenian 
outm^ea  in  1882-83,  when  he  Imd  to  examine  several  "infernal  nmchines,"  ^ 
and  on  Ibo  nceasiou  i>f  tln'  I'h'HiinLrhRm  scare  in  ISS;^  when  he  superinteii<le<i 
and  himself  assisted  in  the  conversion  of  several  hundred  poimds  of  impure 
nitro-glycerine  (which  had  been  secretly  manufactured  in  the  heart  of 
Birmingham)  into  dynamite,  and  so  averted  what  might  have  been  a  terribly 
disastrous  explosion.  He  was  highly  commended  in  the  House  of  Commons 
by  Sir  William  Harcourt,  then  Home  Secretary,  in  connection  with  this 
"  prompt  and  courageous  action,"  and  by  Sir  Vivian  Majendie  in  the  8th  Annual 
Keport  of  the  Inspectors  of  Explosives,  in  1883.  As  late  as  1907  he  devised 
a  new  method  of  testing  for  infinitesimal  traces  of  mercury  in  explosive 
compounds.  His  private  consulting  work  was  also  considerable,  and  he  w^as 
engaged  in  many  important  law  cases  as  a  scientific  witness. 

It  might  well  be  supposed  that  these  responsible  undertakings  engrossed 
him  entirely,  but  this  was  far  from  being  the  case.  During  the  first  twenty 
years  of  his  appointment  at  tlie  Westminster  Hospital  Medical  School  he 
gave  great  attention  to  Ids  lectures  and  to  the  practical  teaching  of  chemistry. 
His  lectures  were  always  very  fidly  illustrated  witli  experiments  which  year 
after  year  seemed  to  give  him  renewed  pleasure  to  perform,  and  although  not 
very  easy  to  follow,  he  w^as  always  extremely  interesting  owing  to  the  mass 
of  information  he  had  ever  ready  to  hand.  In  1886  he  published,  in  conjunc- 
tion with  the  writer,  then  recently  appointed  Assistant-Lecturer,  "  A  Manual 
of  Inorganic  Chemistry,"  which  had  some  success,  and  w^hich  reached  its 
third  edition    in    1901.      This  book   was   dedicated   to   Professor  Will,    of 
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Giessen,  whom  he  always  spoke  of  with  the  highest  admiration  and  reverence 
as  a  great  teacher. 

The  subject  of  toxicology,  on  which,  as  already  said,  he  also  lectured  both 
at  Westminster  and  at  the  London  School  of  Medicine  for  Women,  had 
always  specially  interested  him,  and  he  became  known  and  was  not  unfre- 
quently  consulted  as  a  toxicologist.  He  was  brought  into  particular 
prominence  in  connection  with  the  celebrated  Lamson  case  in  1881. 

As  an  instance  of  the  thoroughness  of  his  work,  the  writer  well  remem- 
bers Dupr^  tasting  sixteen  quinine  powders  which  had  been  prepared  for  the 
unfortunate  victim  in  this  case,  and  his  almost  immediately  experiencing  the 
now  familiar  and  somewhat  alarming  physiological  eflfect  of  the  aconitine  which 
he  found  in  the  last  powder.  He  was  associated  in  this  case  with  Sir  Thomas 
Stevenson. 

It  has  already  been  mentioned  that  very  soon  after  leaving  the  University 
l)upr6  began  to  publish  scientific  papers,  and  it  seems  surprising  that  amid 
such  varied  occupations  he  found  time  to  work  out  so  many  original  problems. 
His  papers  amount  to  no  less  than  thirty-four  in  number  between  1855  and 
1902.  Of  these,  five  papers  are  included  in  the  Proceedings  and  Transactions 
of  the  Royal  Society  between  1866  and  1872.  The  first,  in  1866,  with 
Dr.  Bence  Jones,  on  "  Animal  Quinoidine,"  may  be  said  to  have  anticipated 
the  later  important  researches  of  Selmi  and  others  on  Ptomaines.  Another,  in 
1871,  dealt  ably  with  the  Elimination  of  Alcohol  in  the  human  subject, 
a  problem  then  arousing  much  interest.  The  remaining  four  papers,  published 
between  1868  and  1872,  some  of  the  work  being  done  in  conjunction 
with  the  late  Mr.  F.  J.  M.  Page,  rank,  perhaps,  as  his  best  efforts,  treating 
of  the  Specific  Heat  and  other  characters  of  various  aqueous  mixtures  and 
solutions,  notably  of  mixtures  of  ethylic  alcohol  and  water,  in  the  course 
of  which  he  made  the  remarkable  observation  that  mixtures  of  these  Ifiwt 
two  substances  up  to  36  per  cent,  ethylic  alcohol  had  a  specific  heat  sensibly 
higher  than  that  of  water  itself. 

In  the  Journal  of  the  Chemical  Society  are  found  eight  papers  between 
1867  and  1880.  One  on  the  Synthesis  of  Formic  and  Sulphurous  Acids,  four 
on  the  Various  Constituents  of  Wine,  including  compound  ethers,  one  on  the 
Estimation  of  Urea  with  Hypobromite  by  means  of  an  ingenious  apparatus 
now  so  universally  employed,  and  two,  in  conjunction  with  the  writer, 
on  a  New  Method  of  Estimating  Minute  Quantities  of  Carbon,  which  was 
included  by  the  late  Dr.  E.  Frankland  in  his  well-known  work  on  Water 
Analysis. 

Between  1877  and  1883  he  read  no  less  than  thirteen  papers  before  the 
Society  of  Public  Analysts,  dealing  with  the  analysis  of  foods  or  water, 
and  most  of  the  methods  evolved  by  him  in  these  publications  are  still  used 
or  have  given  rise  to  improved  operations,  notably  those  dealing  with  butter 
fat,  fusel  oil  in  whiskey  and  other  spirits,  alum  in  flour  and  bread,  foreign 
colouring  matters  in  wine,  and  methods  of  water  analysis. 

He  published  only  two  papers  on  Explosives,  to  which  he  had  given  such 

VOIrf.  LXXX. — A.  C 


xviii  Obituary  Notices  of  Feltmes  deceased, 

great  attentiDn^  before  the  Society  of  Chemical  JBdiistry,  and  theee  as  lat€  m 
1902,  As  a  matter  of  fact,  however,  much  origmal  work  was  done  by  Mm  in 
thia  branch  of  chemistiy,  some  of  whicli  appears  in  the  Annual  Keports  of 
H.M.  Inspectors  of  Explodvea,  wliile  again  much  could  not  be  put  forward 
owing  to  hi  a  official  connection  with  the  Home  Office. 

His  earliest  papers,  published  between  1855  and  1862,  ai-e  six  in  nunibei^ 
and  deal  with  volumetric  methods  and  sJ^ect^am  analysis  (eou jointly  with 
his  brother,  Dr.  F.  W,  Dupre),  the  iodic  test  for  morphia  and  the  presence  of 
copper  in  plant  and  animal  tiseues,  this  hist  in  conjunction  with  Odling, 

To  the  chemistry  of  wine,  as  will  he  seen  from  the  above  summary  J 
he  devoted  a  good  deal  of  attention!  ^ud  was  joint  author  with  Dr.  ThudicJium 
of  a  work  entitled  '*0n  the  Origin,  Nature,  and  Varieties  of  Wiue/' 
puUhshed  in  187^^.  in  which  a  conBiderable  amount  of  original  analytical 
work  is  embodied, 

I)upr<J  married,  in  1S76,  Miss  Florence  Marie  Robl>erds,  of  Manchester,  and 
leaves  a  family  of  one  daughter  and  four  sons^  two  of  whom,  Frederick  and 
P6tt*.y,  are  now  carrying  on  hie  work  for  the  Home  OflBoe.  He  was  of 
a  striking  personality,  of  medium  height,  but  very  powerfxdly  built,  with 
a  massive  head  and  brow,  and  must  have  posiiessed  an  iron  constitution.  As 
a  young  man  he  w^as  a  skilled  iencer  and  swimmer.  He  was  of  somewliat 
excitable  teini)eranienti  but  Imd  a  most  kindly  disposition.  Although  not 
a  fluent  speaker,  he  w^is  impressive  from  his  obvious  sincerity,  and  the 
thorough  knowledge  he  displayed.  He  therefore  made  an  excellent  expert 
witness,  and  was  more  than  once  complimented  in  Ctnirt  on  his  stntii^ht- 
forward  evidence.  In  controversy  he  was  unsparing  where  facts  were 
concerned,  and  at  times  intensely  sarcastic. 

Although  almost  wholly  devoted  to  chemistry,  his  mind  found  many  other 
outlets.  He  was  a  great  student  of  history,  and  his  quite  remarkable 
memory  was  frequently  exemplified  in  conversation  on  this  subject.  He  was 
also  exceptionally  well  read  in  general  as  well  as  in  scientific  literature,  both 
English  and  German,  and  amassed  a  large  collection  of  books.  Among  other 
hobbies  he  pursued  astronomy  and  photography.  His  mind,  indeed,  seems 
rarely  to  have  been  idle,  he  had  a  perfect  passion  for  work  and,  except  for 
a  few  weeks'  holiday  annually,  he  never  relaxed.  There  is  little  doubt  that 
at  one  time,  about  1891,  he  overstrained  his  brain,  and  was  obliged  for  some 
months  to  take  a  complete  rest,  which,  fortunately,  restored  him  to  renewed 
energy.  Like  many  great  men,  he  was  of  a  modest  and  retiring  nature,  and 
probably  but  few  of  his  contemporaries  have  realised  the  magnitude  and 
variety  of  the  work  he  accomplished  during  fifty  years  of  almost  unceasing 
activity.* 

♦  The  Eoyal  Society  is  indebted  for  this  obituary  notice  to  the  kindness  of  Dr.  H. 
Wilson  Hake,  who  succeeded  Dr.  Dupre  in  the  Chair  of  Chemistry  at  the  Westminster 
Hospital  Medical  School. — Sec.  R.S. 
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PROFESSOR  A.  S.  HERSCHEL,  1836—1907. 

To  Sir  John  Herschel  (1792—1871),  the  only  child  of  Sir  William  Herschel 
(1739 — 1822),  twelve  children  were  born,  three  sons  and  nine  daughters. 
Alexander  Stewart  was  the  fifth  child  and  the  second  son.  He  was  bom 
during  the  historical  visit  of  his  father  to  the  Cape  of  Good  Hope  in  1836, 
and  the  bare  facts  about  his  life  and  work  may  here  be  given  in  his  own 
words,  from  a  document  preserved  among  his  papers  and  apparently  intended 
for  such  use.  The  careful  method  of  statement  in  regard  not  only  to  the 
details  of  his  career  but  also  to  the  document  itself — e.g.,  that  it  was  a  "  first " 
copy,  and  that  the  label  did  not  extend  beyond  a  "single  pfi^e" — is 
thoroughly  characteristic  of  his  work  and  writings.  To  complete  the  record, 
it  must  be  added  that  he  continued  to  live  at  Observatory  House,  Slough, 
until  his  death  on  June  18,  1907 ;  and  that  he  joined  the  Soci^t^ 
Astronomique  de  France  in  March,  1897. 

First  copy  of  (single  page)  "  Record  "  label  and  signature  and  date,  gummed 
on  back  of  enlarged  carbon  print  "  Museum  "  portrait  (by  Melhuish),  presented 
to  the  South  Kensington  Museum,  1893,  by  the  Amateur  Photographic 
Association : — 

Alexander  Stewart  Herschel. — Second  son  of   the   late   Sir  Jfthn  F.  W. 
Herschel,  Bart.     Born  in  Cape  Colony  in  1836,  and   educated  at   Clapham 
Grammar  School  (1851 — 55)  by  the  late  Professor  of  Astronomy  of  Oxford 
University,  the  Rev.  C.  Pritchard,  F.R.S.,  etc. ;  and  at  Trinity  College,  Cam- 
bridge (1855—59),  and  at  the   Royal  School  of  Mines,  London  (1861—2— 
(1865  ?)).     B.A.  Camb.,  1859  ;  M.A.  Camb.  and  (ad  mndem)  Durham,  1877  ; 
Hon.  D.C.L.  Durham,  1886.     Became  Fellow  R.A.S.,  1867 ;  Assoc.  Liverpool 
Astronomical  Society,  1888 ;  Honorary  Member  of   the  North  of  England 
Institute  of  Mining  and  Mechanical  Engineers,  1871  (united  in  1889  to  the 
Federated  Institute  of  Mining  Engineers),  and   of  the   Newcastle-on-Tyne 
Chemical  Society  (united  in  1883—4  to  the  Society  of  Chemical  Industry), 
1871 ;  Corresponding  Member  of  the  Philosophical  Society  of  Glasgow,  1874 ; 
F.RS.,  1884 ;  Member  of  the  Physical  Society  of  London,  1889 ;  Life  Member 
of  the  British  Association,  1871 ;  and  of  the  Society  of  Arts,  1892.     Was 
Lecturer  on  Natural  Philosophy  and  Professor  of  Mechanical  and  Experi- 
mental Physics  in  the  Andersonian  University  of  Glasgow,  1866 — 71 ;  and 
Professor  of   Physics  and   Experimental  Philosophy   in   the  University   of 
Durham   College   of  Science,  Newcastle-on-Tyne,  1871 — 86;  and  Honorary 
Professor  of  that  Institution  since  1886. 

Writer  of  the  Reports  of  the  British  Association  on  Luminous  Meteors  and 
on  the  Thermal  Conductivities  of  Rocks,  1861 — 81 ;  and  of  various  ^papers 
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relating  to  Meteors,  Meteorology,  antl  Physics  in  Societies'  Proceedings,  and 
in  Scientific  Journals  since  1860, 

Present  Residence :  Observatory  House,  Sloiigh, 
Ipu  ScripsU,  Beptemter  14,  1893,  A.  S.  Hekschel. 

Of  tbe  Clapham  school  days  of  Alexander  and  his  broth ei^  a  biief  nal4f 
or  two  have  been  preserved  in  the  "  Memoirs  of  Profesaor  Pritehard,"  (A 
letter  written  in  1844  refere  to  the  eldest  brother,  now  Sir  William  J, 
Herscbel.)  And  in  correepondence  with  Sir  John  in  later  years*  Pritchtird 
iit3veral  times  refers  to  his  old  pupils:  c.(f.,  in  1866  he  was  Hnxioujs  that 
Alejcander  Herachel  should  undertake  the  *'prt'paring  the  c&t-alogue  of  Sir 
William  Herachera  double  stai's  for  publication  in  thL*  *  Transactions  of  the 
fi.  AbL  Soc./  *'  and  it  seems  probable  that  this  plan  was  carried  into  eflVct, 
though  in  the  printed  paper  (Mem,  RA,S,,  vol  35)  Sir  John  Herschel  makes 
no  allusion  ta  his  son's  help.* 

Alexander  Herschel  was  best  known  for  his  work  on  lumiBOUs  meteors : 
and  due  prominence  is  accorded  to  this  work  in  hia  own  concise  record  above 
given.  He  was  himself  a  diligent  observer,  spending  long  hours  in  the  oi>eti 
in  the  watch  for  meteors.  His  post  of  astronomic^il  observation  at  Slough 
wm  necessarily  diffeitsufc  from  that  of  his  grandfather  i  for  during  the  half- 
century  following  the  de^th  of  Sir  William,  tree^  had  grown  up  in  the 
garden  where  his  great  telescope  used  to  stand  ;  and  when  four  of  hi*i 
grandchildren  returned  to  Observatory  House  in  1888  (after  half  a  centurj* 
of  (Kicupation  by  stnuigers),  they  found  a  plcasfintly  sliaded  garden,  but  no 
horizon  visible.  Over  the  wall  however,  in  the  kitchen-garden,  where 
Sir  William's  forges  and  optical  works  used  to  be,  there  were  no  trees ;  and 
there  Alexander  Herschel  would  lie  on  his  back  and  watch  the  broad  sky  for 
meteors.  His  observations  are  contained  in  a  long  series  of  small  note-books, 
and  every  observation  is  numbered,  starting  each  new  year  with  unity  again. 
The  last  observation  is  dated  1907,  February  13.  A  hasty  glance  at  these 
books  with  unskilled  eyes  suggests  that  probably  there  is  a  great  deal  of 
valuable  material  of  which  no  use  lias  yet  been  made.  But  a  proper 
estimate  of  the  value  of  his  work  in  this  field  can  only  be  given  by  a  meteor 
observer ;  and  Mr.  W.  F.  Denning  has  very  kindly  written  the  following 
notes  for  inclusion  in  this  notice : — 

"  Professor  Herschel's  meteoric  work  was  characterised  by  its  remarkable 
accuracy,  its  compreliensive  detail  and  large  amount,  extending  over  some- 
thing like  half  a  century.  It  not  only  embraced  his  personal  observations, 
but  comprised  the  comparison  and  reduction  of  a  great  number  of  materials 
sent  in  to  him  by  various  other  observers  in  England  and  abroad.  During  a 
long  series  of  years  he  collected  as  many  descriptions  as  possible  of  the  fire- 
balls which  appeared  from  time  to  time,  and  calculated  their  real  paths  in  the 
atmosphere.     Some  of  the  very  extensive  results  which  he  obtained  were 

*  The  point  haa  been  very  kindly  verified  from  a  bundle  of  MS.  computations  by  Miss 
Herschll. 
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published  in  the  Proceedings  of  the  Meteorological  Society,  Annual  Reports  of 
the  British  Association,  Monthly  Notices,  and  Journal  of  the  British  Astro- 
nomical Association.  In  determining  the  real  paths  of  meteors,  Professor 
Herschel  frequently  had  conflicting  material  to  discuss,  but  no  one  was  so 
eminently  well  fitted  as  he  was  to  investigate  such  results  and  base  correct 
deductions  upon  them.  His  long  experience  and  sound  judgment  enabled 
him  to  deal  effectively  with  data  which  another  computer  would  be  inclined 
to  reject  altogether  as  incompatible  and  irreducible. 

"  As  regards  Professor  HerscheFs  own  observations,  chiefly  made  at  Hawk- 
hurst,  in  Kent,  Newcastle-on-Tyne,  and  Slough,  he  amassed  a  very  con- 
siderable number,  and  fixed  the  radiant  points  of  many  of  the  showers  to 
which  they  belonged,  but  we  believe  that  he  did  not  publish  any  complete 
list  of  the  radiants  which  he  observed  from  time  to  time.  A  number  of  them, 
however,  were  referred  to  in  fragmentary  form  in  one  or  other  of  the  scientific 
journals  published  soon  after  the  observations  were  made.  As  a  result  of  long 
practice,  he  acquired  gieat  precision  in  noting  the  flights  of  individual  meteors 
amongst  the  stars,  and  could  reproduce  them  on  his  charts  witli  unusual 
fidelity.  He  observed  the  great  meteoric  showers  of  1866,  1872,  and  1885, 
and  collected  together  the  different  values  for  the  positions  of  radiation,  and 
obtained  their  mean  places.  It  was  from  his  averaged  radiant  for  the 
November  Leonids  of  1866  that  Professor  Schiaparelli  was  successfully 
enabled  to  found  his  conclusions  on  the  virtual  identity  of  the  orbits  of  this 
meteoric  stream  and  Tempel's  comet  of  1866. 

"  An  important  paper  by  Professor  Herschel  appeared  in  the  Monthly 
Notices  for  1872,  in  which  he  called  attention  to  certain  showers  presumably 
connected  with  Biela's  periodical  comet,  and  he  pointed  out  the  probability 
of  a  recurrence  of  the  shower  at  the  end  of  November,  1872,  advising 
observers  to  maintain  a  watch  of  the  sky  at  this  particular  period.  His  anti- 
cipations were  realised  in  a  very  notable  manner  by  the  occurrence,  on 
November  27,  of  one  of  the  grandest  meteoric  exhibitions  of  modern  times, 
which  fully  substantiated  the  theory  of  close  association  existing  between 
comets  and  meteors,  and  certainly  demonstrated  that  the  slow  meteors 
returning  at  intervals  at  the  end  of  November  really  represented  the  debris  of 
the  lost  comet  of  Biela. 

"  Valuable  work  was  accomplished  by  Professor  Herschel  in  the  calculation 
of  the  radiant  points  of  comets.  A  complete  list  of  his  result*  forming 
a  valuable  summary  for  reference  and  comparison  was  published  in  the 
'  British  ^Association  Report,'  1875,  and  in  the  same  volume  and  also  in 
Monthly  Notices,  vol.  38,  p.  369,  he  gave  lists  of  known  accordances 
between  cometary  and  observed  meteor  showers.  In  collaboration  with 
Mr.  R  P.  Greg,  he  formed  several  catalogues  of  the  radiant  points  of  meteors 
observed  by  the  British  Association  members,  including  one  giving  88  positions 
in  1868,  and  another  of  63  positions  in  1875  (British  Association  Eeports, 
1868,  1872,  1875).  Connected  with  the  Luminous  Meteor  Committee  of  the 
British  Association  for  many  years  and  acting  as  Secretary,  he  drew  up  the 
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lengthy  and  valuable  annual  summarieB  of  observations  and  general  fiicts  of 
meteoric  progi^ess  wbich  served  more  than  any  t>ther  cause  to  advance  our 
knowledge  of  this  liranch  of  Astronomy  duriuji^  the  period  over  which  they 
extended,  terminatliig  in  1880.  He  also  furniahed  the  yearly  Reports  on 
the  progress  of  Meteoric  Astronomy  for  the  Council  of  the  R.  Ast.  Soc.  until 
they  were  temporarily  discontinued  in  188L 

"  Professor  Hen^cliers  writings  were  voluminous  and  marked  by  a  precision 
and  regard  for  detaU  which  sufficiently  showed  his  desire  to  omit  nothing 
which  could  aBsiat  in  formiug  eorrec^t  deductions  and  serve  as  useful  materials 
for  study  by  future  observers.  His  own  practical  work  in  this  field  of 
obgarvation  attained  a  high  degree  of  excellence  and  others  emulated  the 
worthy  example  be  had  set.  He  often  extended  his  watches  for  shooting 
stars  into  the  morning  hours  and  was  unwearying  in  his  efforts  to  observe 
not  only  the  periodical  showeis,  such  as  those  of  August  and  Kovembef.  but 
etiually  endeavoumd  to  trace  out  the  more  tenuous  and  exhausted  strejuus 
at  which  the  heavens  furnish  a  multitude  of  examples.  He  encouraged  and 
instructed  other  observers  and  &timtUated  them  tv  take  up  work  in  the 
meteoric  braiicli,  offering,  as  he  pointed  out,  the  prospect  of  important  and 
in  teresti  n  g  d  isco veries. 

'*  The  value  of  a  man's  influence  upon  any  branch  of  research  cannot  be 
fully  judged  from  the  results  be  himself  aeeomi^ishetL  Professor  Herschel 
by  bis  prolilic,  agmeable  and  accurate  writings  led  many  others  to  interest 
themselves  in  recording  meteors ;  and  a  pretty  large  proportion  of  the 
meteoric  observations  obtained  during  the  last  half  century  may  be  fairly 
said  to  have  been  initiated  by  the  enthusiasm  which  he  created  and  fostered 
in  amateurs  for  this  attractive  branch  of  Astronomy." 

But  though  the  work  on  meteors  engrossed  the  greater  part  of  his  scientific 
activity,  Alexander  Herschel  had  many  other  interests,  as  is  testified  by  his 
numerous  papers  and  bundles  of  correspondence.  One  of  the  chief  of  these 
was  photography.  His  father  was  a  keen  and  original  photographer — the 
first  man,  it  will  be  remembered,  to  use  glass  as  a  support  for  a  photographic 
film  (and  the  first  picture  he  took  in  this  way  was  of  his  father's  great 
telescope).  Alexander's  devotion  to  photography  was  thus  hereditary,  and 
here,  again,  he  not  only  worked  assiduously  himself  but  stimulated  activity  in 
others.  The  presentation  of  his  portrait  to  the  South  Kensington  Museum  by 
the  Amateur  Photographic  Association  is  recorded  above,  and  among  his 
treasured  possessions  was  a  beautiful  album  of  photographs  presented  to  him 
by  the  Newcastle-on-Tyne  and  Northern  Counties  Photographic  Association 
(of  which  he  was  President,  1885 — 7)  as  a  "  slight  acknowledgment  of  services 
rendered." 

But  his  interests  were  wide  and  varied  :  plane  waves,  hedgehogs,  astronomy, 
engineering;  there  is  a  large  bundle  of  papers  on  fans  for  ventilation  of 
mines,  and  another  relating  to  a  correspondence  in  '  Nature  *  with  Professor 
P.  G.  Tait,  in  1883,  on  the  "Matter  of  Space."  In  1900  he  wrote  for 
'Nature'   a   long   and   careful    review   of    the   work   of    Piazzi    Smyth    in 
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spectroscopy.  His  brother,  Colonel  J.  Herschel,  has  remarked  on  his  extra- 
ordinary vitality;  he  nearly  always  ran,  rather  than  walked,  to  his 
miscellaneous  occupations  and,  however  unexpectedly  he  might  thus  come 
across  another  member  of  the  family,  or  an  acquaintance,  his  alert  mind 
prompted  instantly  some  appropriate  remark.  But  his  mental  activities  had 
two  unfortunate  results :  he  shunned  the  interruptions  of  society  so  far  as  to 
become  practically  a  recluse,  taking  all  his  meals  alone,  and  he  became 
impatient  of  his  bodily  needs  until  the  neglect  of  them  shattered  his  health. 
He  died  on  June  18,  1907,  at  the  age  of  71,  and  on  June  22  was  buried  in  the 
grave  at  St.  Laurence's  Churcli  at  Upton,  where  his  famous  grandfather  had 
been  laid  eighty- five  years  before. 

H.  H.  T. 


ADMIRAL  SIR  LEOPOLD  McCLINTOCK,  K.C.B.,  F.R.S.,  1819—1907. 

With  Sir  Leopold  McClintock  we  lose  the  chief  leader  and  organizer  of  the 
Franklin  searches.  In  experience  of  Arctic  navigation  and  wintering  he  was 
second  only  to  Sir  James  Ross.  That  great  navigator  was  in  the  Arctic  and 
Antarctic  Regions  during  nineteen  summers  and  eleven  winters.  McClintock 
experienced  eleven  navigable  seasons  and  six  winters.  Parry,  who  comes 
next,  had  nine  navigable  seasons  and  four  winters.  Excepting  some  of 
Parry's  companions,  no  other  Arctic  explorer  approaches  the  record  of  these 
three,  James  Ross,  McClintock,  and  Parry.  As  regards  sledge  travelling 
without  the  help  of  dogs,  McClintock  stands  first,  and  will  remain  first, 
probably,  for  all  time. 

Francis  Leopold  McClintock  was  of  a  Scottish  family,  settled  in  Ulster  in 
the  early  part  of  the  seventeenth  century,  his  father  being  the  youngest  son 
of  John  McClintock  of  Drumcar,  co.  Louth.  His  mother  was  the  daughter  of 
Dr.  Fleury,  then  Archdeacon  of  Waterlord,  of  an  old  Huguenot  family  from 
near  Rochelle.  The  Archdeacon's  wife  was  English.  Leopold,  the  second  son 
of  a  family  of  fourteen,  was  bom  at  Dundalk  on  July  8,  1819.  Through  the 
interest  of  a  cousin,  who  was  first  lieutenant  of  the  "  Samarang,"  a  28-gun 
frigate,  young  McClintock  entered  the  navy  before  he  had  reached  the  age  of 
twelve.  During  his  seventeen  years  of  sea  service  before  entering  upon  his 
Arctic  career,  three  things  probably  combined  to  stimulate  his  interest  in  a 
noble  profession,  and  to  form  his  character  as  a  trustworthy  officer  and  a 
thorough  seaman.  The  first  was  his  severe  and  arduous  work  in  a  surveying 
vessel  in  the  Irish  Sea.  The  second  was  his  position  as  a  junior  commis- 
sioned officer  when  the  paddle  steamer  "  Gorgon,"  commanded  by  Captain 
Charles  Hotham,  was  driven  high  and  dry  on  the  beach  at  Monte  Video  while 
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a  furioud  pavipero  was  blowing.     The  dkill  and  ingenuity  with  which  Capiasn 

HothaiTi  succeeded,  with  the  zealous  co-operation  of  officers  and  men,  in 
floating  the  vessel  after  several  moijthe,  waa  looked  upc»n  aa  one  of  the 
finest  teats  of  seamanship  of  the  century.  The  details  were  deBcribed,  in  a 
book  entitled  '*The  Floating  of  the  Oorgon/'  by  Cooper  Key,  one  of  the 
lieut-enauts,  who  was  eventually  a  Fellow  of  this  Society.  Soon  aiterwank 
the  Commodore  of  the  Station  placed  an  acting  lieutenancy  at  the  disposal 
of  ("iiptain  Hothauu  and  be  at  once  gave  it  to  yonng  McClintock,  This  may 
be  considered  as  a  proof  that  the  future  Arctic  e:(plorer  was  amongst  the  most 
ueefuj  and  zealous  of  those  who  were  concerned  in  that  famous  and  difiHciilt 
feul  in  seamanship.  TLe  third  event  was  McClintock's  appointment  as  Tliird 
Lieutenant  of  H.M.  brig  **  Frolic/*  in  the  Pacific.  After  a  service  of  upwards 
of  a  year  up  the  Gulf  of  Califoruia,  McClintock  became  the  First  Lieutenant 
of  the  *'  Frolic/'  wlien  he  brought  his  knowledge^  acquired  under  Sir  Charles 
Hotham,  to  bear  in  raising  a  wreck  io  the  Strsiits  of  Magellan,  An  English 
brig  had  been  burnt  and  sunk  in  the  anciiorage  of  Puuta  Arenas.  The 
ofhcem  and  crew^  of  the  "  Frolic ''  were  employed  for  about  three  weeks  in 
misiug  the  \'eflsel  out  of  the  anchorage,  a  difficult  piece  of  work  which  waa 
suecesisfuUy  performed.  Tlie  wreck  was  placed  on  the  beach,  and  sjiecie  U* 
the  value  of  £9000  was  recovered.  Her  own  crew  bad  disappeared  long 
before. 

After  the  *'  Frolic"  was  paid  off  in  June,  1847,  McClintock  went  to  study 
at  the  UN,  College  at  Portsmouth,  Alarm  was  beginning  to  l>e  felt  at  the 
lontr  absenre  of  Sir  Jo! in  Franklin's  ex]>edition,  and  two  vessels,  the 
"  Enterprise "  and  "  Investigator,"  were  ordered  to  be  fitted  out  under  the 
command  of  Sir  James  Koss,  to  obtain  tidings  and  bring  relief.  At  that  time 
Captain  William  Smyth,  the  second  naval  officer  who  ever  descended  the 
whole  course  of  the  Kiver  Amazon,  was  at  the  College,  and  was  a  friend  of 
Sir  James  Ross.  It  was  through  Smyth's  recommendation  that  McClintock 
was  appointed  Second  Lieutenant  of  the  "  Enterprise."  She  was  a  sailing 
ship  of  470  tons,  with  no  auxiliary  steam  power.  Sir  James  fully  expected 
to  meet  his  friends  Franklin  and  Crozier  in  Barrow  Strait,  coming  home.  r»ut 
it  turned  out  far  otherwise.  It  was  a  very  close  ice  year,  and  Eoss's  vessels 
were  obliged  to  winter  in  Port  Leopold,  at  the  N.E.  end  of  North  Somerset, 
having  obtained  no  tidings  of  the  missing  expedition. 

In  the  spring  of  1849  Sir  James  Eoss  made  a  sledge  journey  of  forty  days, 
starting  on  May  15,  which  was  then  considered  a  sufhciently  early  date.  He 
was  accompanied  by  McClintock.  He  examined  500  miles  of  coast,  mo^^t  of 
it  previously  unknown,  and  his  journey  was  the  longest  that  had  hitherto  been 
made.  But  there  were  grave  mistakes.  The  diet  was  quite  insutticient,  iind 
the  sufferings  and  privations  were  great.  All  the  men  were  quite  exhausted 
when  they  returned  to  the  ship,  and  were  laid  up  for  weeks.  The  winter 
arrangements  were  defective,  there  was  sickness  and  several  deaths,  and 
scurvy  was  in  the  ships  when  they  returned  to  England  in  the  autumn  of 
1849. 
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McClintock  saw  all  the  mistakes,  and  the  way  to  avoid  them  in  future.  But 
the  main  result  of  his  first  Arctic  voyage  was  his  perception  of  the  great 
future  of  sledge  travelling.  He  saw  that  the  work  of  the  ship  was  to  bring 
explorers  to  the  threshold  of  their  achievements,  but  that  the  actual  dis- 
coveries must  be  made  by  sledges  over  the  ice.  He,  therefore,  devoted  some 
months  to  a  close  study  of  the  problems  to  be  solved.  The  scale  of  diet  must 
be  improved,  so  as  to  keep  the  men  strong  and  healthy,  while  the  closest 
attention  must  be  given  to  a  reduction  of  the  weights  to  be  drawn.  He  also 
made  experiments,  with  the  assistance  of  Professor  Samuel  Haughton,  on  the 
best  cooking  apparatus,  and  on  the  rate  of  consumption  of  different  kinds  of 
fuel.     The  best  clothing  for  Arctic  sledging  work  also  occupied  his  attention. 

At  this  time  McClintock  had  just  reached  his  thirtieth  year.  With  a 
short,  lithe  figure,  and  a  well  knit  frame,  he  was  well  adapted  for  long- 
sustained  endurance  of  hardships  and  fatigue.  He  had  a  genius  for  organi- 
sation, and  was  gifted  with  inventive  faculty  and  a  quick  perception  of  the 
exact  thing  that  was  needed  in  an  emergency.  Though  reticent,  he  took  an 
interest  in  convereation,  and  was  well  informed.  His  manner  was  very  quiet, 
but  his  firmness  and  resolution  obtained  for  him  the  confidence  and  devotion 
of  those  who  served  under  him.  Always  perfectly  calm,  he  gave  his  orders 
in  an  emergency  with  decision,  but  without  noise.  He  was  a  sympathetic 
friend  and  an  excellent  messmate. 

The  return  of  Sir  James  Koss  without  any  tidings  aroused  the  country. 
The  "  Enterprise "  and  "  Investigator,"  with  the  "  Plover,"  were  sent  to 
Bering  Strait.  Another  expedition,  commanded  by  Captain  (afterwards  Sir 
Horatio)  Austin,  was  fitted  out,  to  proceed  by  Baffin's  Bay  and  Barrow 
Strait,  consisting  of  two  sailing  vessels,  the  "Eesolute"  (Captain  Austin), 
and  the  "  Assistance  "  (Captain  Ommanney),  with  two  screw  steam  tendei-s, 
the  "  Pioneer  "  (Lieutenant  Sherard  Osbom),  and  the  "  Intrepid  "  (Lieutenant 
Cator).  Two  brigs,  under  Captain  Penny,  also  went  out  to  co-operate  in  the 
search. 

McClintock  was  appointed  First  Lieutenant  of  the  "  Assistance,"  and  the 
expedition  left  England  in  May,  1850.  Captain  Austin  had  served  as  a  lieu- 
tenant with  Sir  Edward  Parry  in  his  third  Arctic  voyage.  It  was  due  to  him 
that  the  ships  under  his  command  were  perfectly  well  ventilated,  dry,  and 
comfortable.  McClintock  always  gave  Captain  Austin  the  credit  for  the 
perfect  winter  arrangements,  and  for  keeping  the  officers  and  men  employed 
cmd  amused.  Austin  certainly  had  a  genius  for  detail,  combined  with 
warm  sympathy  and  care  for  the  welfare  of  those  under  his  command.  He 
was  too  old  for  sledge  travelling,  but  for  winter  organisation  he  was  unequalled. 

But  if  McClintock  justly  gave  this  credit  to  Sir  Horatio  Austin,  he  himself 
was  perfect  as  an  Arctic  First  Lieutenant.  The  expedition  was  obliged  to 
winter  in  the  pack  between  Griffith  and  Cornwallis  Islands,  officers  and  men 
emerging  from  the  long  night  in  sound  health,  strong,  cheerful,  and  full  of 
zeaL  This  was  due  to  McClintock  as  regards  the  "  Assistance,"  which  was 
the  happiest  and  healthiest  ship  that  ever  wintered  in  the  Arctic  Segions. 
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Captain  Austin  wisely  entruated  the  arrangements  for  sledge  travelling  to 
McClintock,  No  record  had  been  found  at  Franklin's  first  wintyer  quarters  at 
Beechey  Island,  and  there  was,  consequently,  no  clue  to  indicate  the  direction 
tho  missing  ships  bad  taken.  It  was  necessary  to  organise  searches  in  every 
direction.  Tina  was  possible,  because  there  was  assembled,  in  the  spring  of 
1850,  by  far  the  largest  body  of  men  that  ever  acted  together  in  the  Arctic 
KegtOng,  and  probably  ever  will,  No  less  than  eight  extended  sledge  parties 
were  despatched  in  different  directions,  each  with  a  depot  party,  and  every 
three  vrith  an  auxiliary  party.  This  greet  scheme  was  due  to  the  genius  of 
McCJintock.  He  introduced  the  system  of  autumn  travelling  to  lay  out 
depots,  and  of  spring  dep6t  and  auxiliary  parties  to  enable  the  extended 
parties  to  double  their  distances.  He  it  was  who  planned  the  scale  of  diet 
hmt  calculated  to  keep  the  men  healthy  and  strong,  and  all  the  other 
arrangements  for  tiieir  comfort,  while  keeping  the  weights  down  to  a 
minimum. 

McCliu took 's  own  journey  to  Melville  Island  in  1851  covered  the  unpre- 
cedented distance  of  800  miles.  He  was  away  eighty  days  from  the  ship,  and 
his  men  came  back  in  perfect  health.  It  was  a  memorable  triumph.  All  the 
other  **  Assistance  "  parties  carried  out  their  instructions  and  returned,  having 
suflbred  nothing  but  from  frost  bites  and  snow  blindness.  It  was  a  thorougldy 
well-conducted  expedition.  "Wlien  the  four  vessels  returned  to  Woolwich  it 
was  resolved  by  the  Admiralty  to  mud  tht-m  out  again.  One  division,  con- 
i  is  ting  of  the  *'  Resolute  "  and  "  Intrepid/'  was  to  proceed  to  Melville  Island, 
niainly  w'ith  the  ol>|ect  of  relieving  the  **  In%^esti^4^itnr  "  some  anxiety  being 
felt  owing  to  her  long  absence.  This  object  was  happily  effected.  The 
"  Kesolute  "  and  "  Intrepid  "  passed  the  winter  of  1852 — 53  at  Dealy  Island, 
off  the  coast  of  Melville  Island.  McClintock  did  not  fail  to  make  provision 
for  the  winter  amusements  of  the  men.  He  felt  its  importance,  although  his 
temperament  did  not  admit  of  his  joining  personally  in  any  thing  but  the  actual 
arrangements. 

In  the  severe  autumn  travelling  of  1852,  McClintock  surpassed  himself. 
He  was  away  forty  days,  and  laid  out  a  depot  at  a  distance  of  260  miles.  His 
spring  travelling  in  1853  was  the  greatest  achievement,  with  men  alone,  that 
has  ever  been  done,  and  it  remains  unsurpassed.  He  started  on  April  4  and 
returned  on  July  13,  being  away  106  days,  covering  1328  statute  miles  at  a 
rate  of  1 1  miles  a  day,  and  discovering  886  miles  of  new  land,  including  the 
northern  half  of  Prince  Patrick  Island. 

The  "  Resolute  "  had  a  team  of  dogs,  procured  in  Greenland,  and  they  were 
found  useful  for  keeping  up  communications.  But  for  such  a  journey  as 
McClintock  made,  and  over  such  ground,  British  seamen  are  superior  to  dogs, 
and  will  always  secure  better  and  greater  results.  This  memorable  journey 
of  1853  proves  the  thorough  efticiency  of  all  McClintock's  equipments,  down 
to  the  minutest  detail.     He  everlooked  nothing. 

The  "Resolute"  and  "Intrepid"  left  Dealy  Island  in  August,  1853,  but 
were  stopped  by  the  ice  in  November,  and  forced  to  pass  a  second   winter. 
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The  officers  and  men  did  not  return  to  England  until  the  autumn  of  1854. 
McClintock  had  been  promoted ^to  the  rank  of  Commander  on  the  return  of 
Austin's  expedition,  and  on  his  return  in  1854  he  received  his  rank  of 
Captain. 

His  frequent  applications  failed  to  obtain  for  him  the  employment  he  had 
a  right  to  expect  during  the  Crimean  War;  but  at  last  the  crown  of  his 
Arctic  labours  was  at  hand.  In  1857  news  arrived  that  relics  had  been  found 
amongst  Eskimo,  proving  that  the  coast  of  King  William  Island  was  the 
direction  that  the  search  ought  to  have  taken.  The  Eoyal  Society  took  the 
lead  in  submitting  a  numerously-signed  petition  urging  the  Government  to 
complete  the  search  by  sending  a  small  and  inexpensive  expedition  in  that 
direction.  The  Government  declined.  Then  Lady  Franklin  nobly  came 
forward,  and  resolved  to  equip  and  despatch  such  an  expedition  at  her  own 
expense.  She  offered  the  command  to  McClintock,  who  promptly  accepted,  on 
April  18,  1857.  The  small  steam  yacht  "  Fox,"  of  177  tons,  was  bought  and 
fitted  out;  the  Admiralty  supplying  pemmican,  ice  gear,  winter  housings, 
chronometers,  charts,  and  warm  clothing.  The  President  and  Council  of  the 
Royal  Society  voted  £50  for  the  supply  of  magnetic  and  other  instruments. 
Besides  McClintock,  the  officers  were  Lieutenant  Hobson,  who  had  served  in 
the  "  Plover,"  Captain  (now  Sir  Allen)  Youn^,  of  the  Mercantile  Marine,  who 
contributed  £500  towards  the  expenses,  and  the  surgeon.  Dr.  David  Walker. 
The  crew  consisted  of  twenty-four  souls,  of  whom  seventeen  had  already 
served  in  the  Arctic  Regions. 

The  "  Fox  "  was  unfortunately  caught  in  the  Melville  Bay  ice,  and  forced 
to  pass  the  winter  drifting  down  Baffin's  Bay  and  Davis  Strait.  In  the  spring 
she  broke  out  during  a  gale  of  wind,  with  huge  masses  of  ice  plunging  about 
and  crashing  against  each  other  in  a  heavy  sea.  The  ship  was  for  some  time 
in  extreme  peril.  But  instead  of  seeking  a  port  for  rest  and  refreshment, 
McClintock  calmly  turned  the  head  of  his  little  vessel  once  more 
Northward  Ho  !  Taking  his  old  friend  Carl  Petersen  on  board  in  Greenland, 
with  a  team  of  dogs,  he  reached  Beechey  Island  and  erected  Lady  Franklin's 
memorial  to  her  husband  and  his  companions.  He  then  made  his  way  down 
Prince  Regent's  Inlet,  and  wintered  in  a  bay,  which  he  named  Port  Kennedy, 
on  the  north  side  of  Bellot  Strait. 

By  his  famous  spring  journey  round  King  William  Island,  McClintock 
obtained  many  relics  from  the  Eskimo  as  well  as  statements.  He  found  that 
the  Franklin  Expedition  had  discovered  the  continuance  of  sea  between  the 
Atlantic  and  Pacific ;  he  collected  a  great  number  of  memorials  and  relics  ; 
and  by  Binding  the  record  at  Point  Victory,  he  discovered  the  fate  of 
Franklin. 

Hobson  had  previously  been  over  the  ground  on  the  north  shore,  and  Allen 
Young  made  an  important  discovery  along  the  southern  coasts  of  Prince  of 
Wales  Island.  The  engines  of  the  "  Fox  "  had  been  partly  taken  to  pieces 
for  the  winter.  The  engineer  died,  and  the  two  stokers  knew  nothing  about 
the  engine.     It  is  another  instance  of  McClintock's  mechanical  knowledge  and 
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akilt  that,  with  his  own  haiida,  he  put  the  engine  together  and  got  it  into 
working  order. 

Oa  the  return  of  the  '*  Fox"  in  September,  1869,  McClintock's  reoeptitm 
was  most  cordikl.  The  Admiralty  ordered  that  his  time  in  the  "Fox"  was 
to  count  as  service  in  a  man-of-war.  He  received  the  hom>urof  Kni^^'hthoiKi, 
honorary  degrees  of  Oxfonl,  Cambridge,  and  Dublin,  the  Freedom  of  the  City 
of  London,  and  of  the  <j  rovers*  Company. 

His  modest  but  excellent  narrative  of  the  voyage  of  the  *'  Fox  '*  went 
through  several  editions,  and  the  last  one  of  1882  ha^i  l>een  stereotyped. 

McCUntock's  next  service  was  again  in  the  Arctic  liogions,  and  it  was  a 
moflt  ai'duous  one.  He  received  command  of  the  *'  BnUdog,"  a  paddle-wheel 
steamer,  wholly  unadaptad  for  service  in  the  ice.  He  was  to  carry  a  line  of 
deep-sea  aoimdin^s  from  the  Faroii  I  inlands  to  Iceland,  Greenland,  and 
Labrador,  Furious  gales  were  encountered  and,  after  tremendous  work 
among  the  ice,  with  paddles  bent  and  Hoats  smashed,  the  '*  Bulldog  "  reached 
Ctotlthaab  in  Greenland  Tlie  difficult  laak  wan  eventually  completed,  and 
the  "  BulkIo<("  returneil  safely,  though  she  was  more  thau  once  in  daugor^ 
needling  the  calnmessj  presence  of  juitid,  and  cxinsunimate  seanmnship  of  such 
a  man  as  McClintock  for  her  safe  navigation.  Dr.  Wallich  was  the  naturaUst 
of  the  *'  Bulldog."  This  scientific  voyage  completed  McClintock  s  Arctic 
work,  and  in  1865  he  was  elected  a  Fellow  of  the  Royal  Society. 

Bir  Leopohrs  Arctic  services  had  for  their  objects  the  relief  of  his  missing 
countrymen,  and,  later,  the  discovery  of  their  fate.  He  worked  in  the  cause 
of  humanity.  Still,  he  never  hist  sight  uf  the  interests  of  science,  and  nirsscd 
no  opportunity  of  furthering  them  whenever  he  was  able  to  do  so.  His 
extensive  geographical  discoveries  did  not  consist  of  land  merely  seen  from  a 
ship,  but  of  coasts  traversed  on  foot  and  closely  examined.  His  collection  of 
miocene  fossils  from  Atanakerdluk,  obtained  from  the  Inspector  of  Xorth 
Greenland,  was  a  valuable  addition  to  Professor  Heer's  enumeration  of  the 
forest  plants  of  the  miocene  age  in  that  region.  He  enabled  Professor 
Haughton  to  prepare  the  geological  map  and  memoir  of  the  Pany 
Archipelago,  and  the  note  on  tidal  streams,  which  form  appendices  to  the 
voyage  of  the  "  Fox."  And  the  North  West  Passage !  The  discovery  of  a 
continuous  sea  from  the  Atlantic  to  the  Pacific  by  Franklin,  by  M'Clure,  by 
Murray  Parkes,  was  not  the  discovery  of  a  passage.  On  the  contrary, 
Professor  Haughton  has  explained  the  reasons  why  a  passage  by  any  of  those 
routes  is  impossible.  With  this  knowledge,  McClintock  pointed  out  that  the 
only  passage  is  by  the  channel  between  King  William  Island  and  Boothia ; 
and  that,  in  a  favourable  year,  there  is  no  difficulty  in  passing  through  it. 
Sir  Allen  Young  attempted  it  in  a  bad  ice  year  in  1875,  and  the  gallant 
Norwegian  seaman,  Amundsen,  has  completed  the  passage  quite  recently. 
McClintock,  by  the  light  of  Professor  Haughton's  note  on  tidal  streams,  first 
pointed  out  the  only  possible  North  West  Passage.  Sir  Leopold's  last  service 
to  science,  before  his  election  as  a  Felh)w  of  this  Society,  was  his  command  of 
the  "  Bulldog." 
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He  continued  to  serve  his  country  afloat  for  many  years.  He  had  the 
**  Doris  "  frigate  in  the  Mediterranean,  the  "  Aurora  "  in  the  West  Indies, 
and  was  next  appointed  to  the  "Aboukir,"  as  Commodore,  at  Jamaica. 
Returning  home  in  1869  he  stopd  for  Drogheda  at  the  request  of  the  Carlton 
Club,  but  was  unsuccessful.  Soon  after  becoming  a  Rear  Admiral,  he  was 
appointed  Admiral  Superintendent  of  Portsmouth  Dockyard  from  1872  to 
1877,  where  he  fitted  out  the  Arctic  Expedition  of  1875.  Sir  Leopold  was 
next  Commander-in-Chief  on  the  North  American  and  West  Indian  station 
from  1879  to  1883.  On  his  return  he  was  elected  an  Elder  Brother  of  the 
Trinity  House,  and  continued  to  be  an  active  member  of  that  important 
Corporation  for  many  years.  In  1890  he  was  created  a  Knight  Commander 
of  the  Bath. 

In  1870  Sir  Leopold  had  married  Elizabeth  Annette,  daughter  of 
Mr.  Durilop,  of  Monasterboice  House,  and  of  a  daughter  of  Viscount  Ferrand 
and  Viscountess  Massereene  in  her  own  right.  He  leaves  a  widow  and  five 
children,  three  sons  and  two  daughters. 

Sir  Leopold  McClintock  continued  to  work,  so  far  as  the  increasing  infir- 
mities of  old  age  would  admit,  until  the  end  of  his  long  and  useful  life,  which 
took  place  after  he  had  reached  the  age  of  eighty-eight  He  died  on 
November  21,  1907.  The  illustrious  explorer  has  left  a  name  which  is  revered 
and  honoured  in  every  civilized  country,  and  his  loss  will  long  be  mourned 
alike  by  his  surviving  old  shipmates  and  by  many  newer  friends  and 
admirers. 

C.  R  M. 
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HENTil  MOISSAK.  1852—1907. 

Hmki  Moissak  was  bom  in  Paris,  on  Sept-ember  28,  1852.  His  father  v>m 
a  native  of  Toulouse ;  his  mother,  whose  maiden  name  waa  MiteUet  wa«  of  an 
Orleans  faujil J,  Moissau'e  features  and  his  bright  vivacious  maimer  betrayed 
his  sivuthero  origin ;  he  was  of  the  best  French  type. 

His  education,  after  school  life,  began  in  the  College  de  Meaox ;  and  in 
hia  twentieth  year  he  entered  the  laborat^*ry  of  FriJmy  at  the  Musee  d'HiBtoir© 
Nftturelle,  attending  at  the  same  time  tlie  lectures  of  Henri  Sainte-Claire 
Devilk,  II nd  Debray.  He  made  ^'ood  pro^n^ss  and,  after  spending  a  year  At 
elementary  work,  he  removed  to  the  neighbouring  laboratory  of  Decaigue 
and  Deht'raiu,  in  the  &ole  Pratique  de.^  Haiitc«  Etudes,  with  w!umi  he  worked 
on  ohemical  problenm  bearin<,r  on  ve^t^e table  life.  While  there,  he  passed  the 
examinatious  required  for  graduation,  taking  the  preliminary  degree  of 
Bachelier  in  1874  ;  of  Licencie  tn  1877;  in  1879  he  became  "  Pharnmcien  de 
premiere  Classe " ;  and  in  1880  he  qualified  ay  **  Docteur  hs  Sciences 
pliysiquea/' 

Alter  working  with  Dehcrain  fur  little  more  than  a  year,  he  left  the 
Museum  to  direct  u  stuall  laboratory  of  his  own ;  and  he  then  abandoned 
the  study  of  vegi^ table  chemistry  for  tlmt  of  inorganic  chemistry,  a  branch  lo 
which  he  remained  faithful  for  the  rest  of  hia  life,  and  in  which  he  actdeved 
the  highest  distinctiuo.  Ttiis  pri%\Lte  Ldinrntory  was  given  up  somewhat 
later ;  and  he  then  found  quarters  with  MM.  Debray  and  Troost,  in  the 
laboratories  of  the  Sorbonnc. 

In  1879,  he  was  appointed  "  ltep(5titeur  de  Physique"  at  the  Agronomic 
Institute  ;  and  after  spending  a  year  in  that  position,  he  was  promoted  to  the 
post  of  "  Maitre  de  Conferences "  and  "  Chef  des  Travaux  Pratiques,"  or 
lecture  assistant  and  senior  demonstrator  at  the  ficole  Sup^rieure  de 
Pharmacie,  a  position  which  he  held  till  1883.  A  year  before  this  change, 
he  had  been  appointed,  after  a  competitive  examination,  "  Agrcig^  des  Sciences 
physiques-chimiques."  and  his  standing  among  his  fellows  at  that  date  was 
such  that  on  the  death  of  Professor  Bonis,  in  1886,  he  was  elected  to  the 
Professorship  of  Toxicology  in  the  School  of  Pharmacy;  he  retained  that 
chair  till  1899,  when  his  turn  came  in  rotation  to  occupy  the  chair  of 
*'  Mineral "  or  Inorganic  Cliemistry ;  he  then  for  tlie  first  time  delivered 
a  course  of  lectures  on  that  branch  of  Chemistry. 

In  1900  he  was  appointed  Assessor  to  the  Director  of  the  School ;  and  in 
the  same  year,  on  the  death  of  Professor  Troost,  the  Professor  of  Inorganic 
Chemistry  in  the  Facult(^  des  Sciences  in  the  University  of  Paris,  Moissan 
was  unanimously  chosen  as  his  successor,  for  his  name  had  become  very 
widely  known  owing  to  his  remarkable  discoveries.  At  the  same  time  he 
retained  the  title  of  Honorary  Professor  at  his  old  school,  the  ficole  de* 
Pharmacie. 
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Moissan's  first  research  was  conducted  in  conjunction  with  Dehdrain ;  it  had 
reference  to  the  interchange  of  oxygen  and  carbon  dioxide  in  the  leaves  of 
plants  which  had  been  exposed  to  the  subdued  light  of  a  darkened  room. 

His  first  work  in  the  domain  of  inorganic  chemistry  dealt  with  the  oxides 
of  the  iron  group  of  metals,  and  especially  with  compounds  of  chromium. 
His  thesis  for  the  doctorate  contained  an  account  of  a  portion  of  this  research. 
In  it  he  described  the  existence  of  two  allotropic  modifications  of  chromium 
sesquioxide  :  one  obtained  by  igniting  ammonium  chromate,  as  well  as  by  other 
methods,  insoluble  in  acids,  unattacked  by  hydrogen  sulphide  and  by  oxygen ; 
the  other,  produced  by  careful  drying  of  the  hydrated  oxide  at  440°  which, 
when  heated  to  140°  in  a  current  of  hydrogen  sulphide,  gave  a  black  CraSs, 
reducible  to  CrS  by  further  heating  in  a  current  of  hydrogen.  Oxygen 
converted  this  variety  of  sesquioxide  into  the  analogue  of  manganese  dioxide, 
CrOa,  a  dark  grey  powder. 

This  train  of  thought  led  Moissan  to  investigate  the  products  of  reduction 
of  the  oxides  of  the  iron  group.  The  so-called  "  pyrophoric  iron,"  obtained 
by  heating  ferrous  oxalate,  was  shown  to  consist  of  ferrous  oxide,  FeO ;  the 
same  substance  is  produced  by  reducing  the  sesquioxide,  FeaOs,  in  a  current 
of  a  mixture  of  carbon  dioxide  and  hydrogen.  The  action  of  hydrogen  at 
330°  to  440°  reduces  FeaOa  to  FesOi,  and  the  magnetic  oxide  is  also  formed  by 
heating  the  sesquioxide  in  a  current  of  carbon  monoxide  at  the  temperature 
of  melting  zinc.  It  is  only  at  500°  to  600°  that  ferrous  oxide  is  produced ; 
it  is  pyrophoric  at  ordinary  temperatures.  But  pyrophoric  iron  itself  can  be 
obtained  by  heating  the  sesquioxide  for  a  long  time  in  a  current  of  perfectly  dry 
hydrogen  to  440°,  or  by  distilling  away  the  mercury  from  an  amalgam  of  iron. 

An  allotropic  variety  of  magnetic  oxide,  FcaOi,  was  produced  by  heating  the 
monoxide,  or  metallic  iron  reduced  by  hydrogen,  to  redness  in  a  current  of 
moist  hydrogen.  It  formed  a  black  magnetic  powder,  incandescing  and 
changing  to  FcaOs  when  heated  in  air.  At  1500°,  FcaOa  gave  off  oxygen, 
and  was  converted  into  a  very  resisting  modification  of  the  magnetic  oxide. 

Somewhat  similar  researches  v/ere  carried  out  on  the  oxides  of  manganese, 
nickel,  and  cobalt,  and  pyrophoric  varieties  of  the  metals  were  prepared. 

Having  obtained  metallic  chromium  from  its  amalgam,  Moissan  next 
investigated  the  little-known  chromous  salts,  preparing  pure  chromous 
chloride,  CrCla ;  also  the  blue  sulphate,  CrS04.7HaO,  which  is  amorphous  with 
copperas ;  chromous  acetate,  chromous  bromide,  and  chromous  oxalate.  The 
acetate  or  the  chloride,  on  treatment  with  a  solution  of  potassium  cyanide, 
gave  the  interesting  compound  KiCrCeNe,  analogous  to  yellow  prussiate  of 
potash,  oxidisable  to  the  red  KsCrCeNe.  A  final  paper  on  the  blue  compound 
of  CrOa  with  peroxide  of  hydrogen,  in  which  it  was  shown  that  the  ratio 
between  the  two  is  CrOs :  HaOa,  ends  the  series. 

In  1884,  Moissan  turned  his  attention  to  the  investigation  of  compounds  of 
fluorine.  He  prepared  phosphorous  fluoride  first,  by  heating  copper  phosphide 
with  lead  fluoride.  It  is  a  gas,  exploding  when  sparked  with  oxygen,  and 
yielding  POF3.     He  next  prepared  fluoride  of  arsenic,  by  distilling  a  mixture 
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u(  araeniouB  oxide,  sulphuric  acid,  and  calcium  fluoride.  He  eltjctrolysed  tlds 
liqmd,  and  produced  from  it  elenieutaiy  arsenic,  and  a  gas  which  attacked  the 
platinum  electrode.  On  submitting  phoaphoroua  fluoride  to  a  rain  of  Bparka, 
phimi>honi8  wtus  deposited  ;  the  product,  however,  was  not  fluorine,  hut  PF^.  the 
liherated  fluorine  comhining  with  the  phosphorous  fluoride.  These  resea inches 
wcupied  him  until  18B8,  In  that  year  he  im^estigftted  some  organic  flmirides, 
ohtaiuiiig  CaHfiF  by  the  interaetion  of  ethyl  iodide  and  f^Uver  fluoride,  and  the 
correfl|K>iifling  methyl  and  isobutyl  fluorides.  In  the  following  year  he  made 
the  capital  discovery  that  while  the  compound  KR2HF  melts  at  65^  KF.:1HF 
i^maioH  liquid  at  —23*^.  and  conducts  electricity  electrolvtically.  And  tlua 
long  iML^rici*  of  researches  euluiinated  in  the  discovery  of  elementary  fluorine. 

During  this  work  he  accumulated  useful  information,  which  enabled  liim 
to  adapt  bia  apjMiratufl  to  the  end  he  had  in  view.  One  method  i^hich  he 
attempted  for  the  isolation  of  fluorine  was  to  pass  pha^iphorcms  and  phoFphorie 
fluorides  over  red-hofc  platinum  sponge,  A  gas  was  evolved,  which  lil>erated 
iodine  from  a  solution  of  potassium  iodide ;  but  this  gas  came  off  very 
slowly,  and  waa  absorbed  largely  by  the  platinum  tube  in  which  the 
e^iperiment  was  niaiie.  He  next  tried  the  electrolysis  of  arsenious  fluoride; 
but  he  found  tliat  that  liquid  m  a  very  poor  conductor,  and  he  attempted  to 
increase  its  conductivity  by  the  addition  of  anhydtous  hydrofluoric  acid ; 
better  results,  however,  were  obtained  on  addition  of  anhydrous  pcitassium 
ftuoriile  to  the  mixture  of  arsenious  fluoride  and  hydrofluoric  acid;  and  from 
this  it  was  but  a  step  to  omit  tho  arsenious  fluoride  and  to  electrolyse  the 
mixture  of  acid  and  potassium  s^ilt. 

His  first  apparatus  was  made  of  platinum ;  the  electrodes  were  rods  of 
platinum-iridium  alloy,  tliickened  at  the  ends,  so  as  to  last  longer ;  for  the 
negative  electrode  was  always  rapidly  corroded.  Paraffined  corks  closed  tlie 
ends  of  his  first  platinum  U-tube.  The  cork  closing  the  limb  into  which  the 
negative  electrode  passed  was  corroded  and  charred ;  hence,  in  his  next 
experiment,  corks  were  replaced  by  fluorspar  stoppers,  cemented  into  hollow 
platinum  cases  on  which  a  screw  was  turned,  so  that  the  stoppers  could  be 
screwed  tight  into  the  two  open  ends  of  the  U-tube.  This  experiment  was 
successful  in  yielding  fluorine  ;  while  hydrogen  came  off  from  the  positive 
electrode,  and  passed  out  through  a  side  branch  of  platinum  tube,  fluorine  was 
evolved  at  the  negative  pole;  it  passed  out  through  a  similar  platinum  tube, 
and  was  made  to  play  on  various  materials,  exposed  to  its  action  in  a  platinum 
capsule. 

It  was  found  that  sulphur,  selenium,  and  tellurium  inflamed,  giving  white 
deposits ;  the  first  combines,  as  Moissan  subsequently  found,  to  form  a  gas, 
SFe.  From  phosphorus,  PF3  and  PFs  were  obtained ;  iodine  caught  fire  and 
burned  ;  Moissan  subsequently  found  that  IF5  was  the  product ;  bromine  lost 
its  colour,  and  again  Moissan  and  his  pupils  proved  this  to  be  due  to  the 
formation  of  BrFs;  on  pure  carbon  at  ordinary  temperature  fluorine  had  no 
action  ;  but  both  boron  and  silicon  caught  fire  and  burned,  giving  SiFi 
and  BFj. 
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By  blocking  the  exit  of  either  of  the  tubes  conveying  away  the  hydrogen  or 
the  fluorine,  one  or  other  gas  could  be  caused  to  pass  round  the  bend  and 
mix;  when  a  bubble  passed  round,  a  detonation  occurred,  showing  that 
hydrogen  and  fluorine  combine  even  in  the  dark  at  the  low  temperature  of 
—35°,  for  the  apparatus  had  to  be  maintained  at  this  low  temperature  to 
prevent  the  admixture  of  gaseous  hydrofluoric  acid  with  the  fluorine.  The 
low  temperature  was  conveniently  attained  by  surrounfling  the  U-tube  with 
liquid  methyl  chloride. 

Most  metals  were  instantly  attacked,  some  with  inflammation ;  even 
platinum  and  gold  could  not  resist  its  action ;  but  they  had  to  be  raised  to 
400°  before  action  took  place.  Salts  such  as  potassium  iodide,  mercuric 
iodide,  and  lead  iodide  were  completely  decoinposed,  giving  fluorides  both  of 
the  metal  and  of  the  iodine.  Chlorine  was  liberated  from  potassium  chlorate, 
along  with  oxygen,  on  which  fluorine  had  no  action  ;  chlorine  was  also  evolved 
from  carbon  tetrachloride,  the  tetrafluoride  Imng  formed;  and  water  was 
instantly  decomposed,  its  oxygen  l)eing  liberated  as  ozone. 

Although  all  these  properties  of  this  gas  could  be  most  easily  explained  on 
the  assumption  that  it  consisted  of  fluorine,  still  they  might  conceivably 
appertain  to  a  mixture  of  ozone  and  hydrofluoric  acid,  or  to  a  perfluoride  of 
hydrogen,  HFn.  The  former  supposition  was  disproved  by  trying  the  action 
of  such  a  mixture ;  but  none  of  the  properties  of  the  gas  were  manifested. 
The  second  hypothesis  was  also  disproved  by  leading  the  fluorine  over  iron 
and  proving  that  no  hydrogen  passed  on. 

Subsequent  research  showed  that  the  formation  of  fluorine  was  not  so 
simple  as  had  at  first  been  supposed.  Investigation  of  a  muddy  deposit, 
which  was  always  found  at  the  bend  of  the  U-tube  on  dismantling  it,  showed 
that  that  substance  consisted  mainly  of  the  compound  KjPtFe ;  and  that  in 
all  probabiUty  it  was  the  substance  undergoing  electrolysis ;  the  equivalent 
of  the  potassium  being  liberated  at  the  cathode  as  hydrogen,  and  fluorine  at 
the  anode,  the  group  PtFi  again  combining  with  potassium  fluoride.  The 
operation  did  not  proceed  with  regularity  until  a  considerable  quantity  of 
platinum  had  dissolved  from  the  anode. 

The  density  of  the  gas  was  found  to  be  18*3,  on  the  hydrogen  standard. 
But  this  figure,  which  is  too  low,  was  almost  certainly  due  to  the  presence  of 
oxygen,  produced  by  the  electrolysis  of  water  still  dissolved  in  the 
electrolytic  mixture.  Moissan  for  long  supposed  that,  on  passing  the  current,, 
the  water  accidentally  present  first  underwent  electrolysLs,  before  the  fluorine 
appeared ;  but  it  was  subsequently  found  that  water  still  remained  to  be 
electrolysed,  even  after  much  fluorine  had  been  separated.  Later  experiments, 
in  which  the  gases  other  than  fluorine  were  estimated  in  the  gaseous  mixture 
weighed,  and  allowance  was  made  for  their  presence,  proved  that  the  true 
density  of  fluorine  is  19,  a  figure  identical  with  the  atomic  weight.  The' 
supposition  that  fluorine  consisted  partly  of  monatomic  molecules  mixed  M'ith 
an  excess  of  diatomic  molecules  had  therefore  to  be  abandoned.  The  activity 
of  fluorine  was  not  to  be  explained  by  its  monatomicitv. 
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The  reason  V(hj  fluorine  cannot  be  produced  by  heating  PtFi,  tetra- 
fluoride  of  pktinum,  waa  ftmnd  as  soon  aa  that  gubstance  was  prepared  by 

the  action  of  fluorine  or  platinum ;  it  is  because  that  compound  decomposeij 
■water,  and  therefore  cannot  be  pmpared  in  the  wet  way. 

Muissan  also  attempted  to  induce  combination  between  argon  and'  helium 
and  fluorine,  but  without  micceaa,  even  when  the  mixture  was  submitted  to 
discharge  of  powerful*  sparks. 

The  preparation  of  two  gaaeous  fluorides  of  carbon  led  Moissan  to  att^smpt 
to  remove  the  fluorioe,  in  the  hope  that  the  carbon  would  be  liberated  in  the 
form  of  diamond.  But  this  hope  was  disappointed  ;  the  product  was  always 
lamp-black.  The  experiments  led  to  the  discovery  of  the  method  of 
preparing  the  diamond  artificially;  it  had  lieen  ibund  that  a  meteorite  from 
Carton  Diablo,  oonBisting,  as  meteorites  usually  do,  mainly  of  metallic  iron, 
had  imbedded  in  it  small  crystals  of  diamond  ;  and  Moissan *0  genius  led  him 
to  tlivine  the  cause  of  their  formation ;  his  theory  was  that  the  carbon  had 
originally  been  dissolved  in  the  iron,  when  it  was  in  a  molten  state ;  that  the 
surface  of  the  iron  had  sudtlenly  cooled ;  and  that  the  iron  in  the  interior,  on 
solidifying^  \ras  subjected  to  great  pressure  ;  for  solid  iron  containing  carboa 
in  solution  occupies  a  lai^er  volume  than  molten  iron.  These  considerationi-^ 
directed  his  experiments,  which  were  crowned  with  succeas. 

His  fillet  experiments,  in  wldeh  the  iron  was  saturated  with  carbon  at 
about  lOOQ^,  were,  however,  not  successful ;  he  acpordingly  argued  that  at 
higher  temperatures  the  solubility  of  carbon  in  iron  should  increase,  as  ii» 
the  geneml  rub' i  vl\m\  be  (b:*viRed  tboob^tric  furnace  to  attain  much  bii^her 
temperatures.  His  three  great  investigations  are  seen  thus  to  hang  together ; 
one  suggested  the  other,  and  Moissan's  skill  and  patience  brought  them  all 
to  a  successful  conclusion.  The  spirit  in  which  he  carried  out  his  work  is 
well  expressed  in  his  own  words,  which  occur  in  the  preface  to  his  book  on 
the  *'  Electric  Furnace  "  : — "  But  what  I  cannot  convey  in  the  following 
pagee  is  the  keen  pleasure  which  I  have  experienced  in  the  pursuit  of  these 
discoveries.  To  plough  a  new  furrow  ;  to  have  full  scope  to  follow  my  own 
inclination ;  to  see  on  all  sides  new  subjects  of  study  bursting  upon  me  ;  that 
Awakens  a  true  joy  which  only  those  can  experience  who  have  themselves 
tasted  the  delights  of  research." 

Moissan's  electric  furnace,  designed  not  for  technical  but  purely  for 
experimental  work  was  of  the  simplest  construction.  It  consisted  of  a 
rectangular  block  of  lime,  made  of  the  excellent  Paris  limestone,  in  the  centre 
of  which  a  hole  bad  been  scooped.  This  block  was  covered  with  a 
rectangular  lid ;  two  grooves  of  circular  section  admitted  the  carbon  poles 
which  served  as  electrodes,  and  an  arc  was  made  between  the  poles.  Later, 
an  electromagnet  was  used  to  deflect  the  arc  downwards,  so  that  it  might 
play  more  directly  on  the  object  to  be  heated.  A  current  of  100  to 
125  amperes,  at  50  or  60  volts,  was  employed  in  his  earlier  researches. 

The  volatilisation  of  the  material  of  the  crucible,  lime,  was  the  first  fact 
to  be  chronicled.     Indeed,  two  torrents  of  what  appeared  to  be  flame  poured 
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out  through  the  holes  admitting  the  electrodes.  These  apparent  flames  were, 
however,  only  white-hot  lime  dust,  condensed  from  the  lime-vapour  which 
filled  the  furnace.  Subsequently,  to  save  cost,  the  body  of  the  furnace  was 
constructed  of  limestone.  The  crucible  to  be  heated  stood  on  magnesia,  to 
avoid  the  rapid  formation  of  calcium  carbide;  and,  for  some  purposes, 
crucibles  were  constructed  of  a  grid  of  alternate  slices  of  carbon  and 
magnesia.  By  heating  an  inclined  carbon  tube  in  £he  arc,  and  feeding 
in  at  one  end  a  mixture  of  an  oxide  such  as  chromium  oxide  and  carbon, 
the  metal  flowed  out  at  the  other  end,  and  a  continuous  supply  was  thus 
obtainable. 

The  temperature  of  such  electric  furnaces  appeared  to  depend  on  the 
quantity  and  intensity  of  the  current ;  but  it  is  limited,  no  doubt,  by  the 
temperature  of  volatilisation  of  carbon. 

By  help  of  this  powerful  engine  of  research,  Moissan  succeeded  in  causing 
many  changes  to  occur,  and  in  producing  many  compounds  previously 
unknown.  Some  of  these  compounds  have  had  important  commercial  appli- 
cations; others  are  of  great  interest,  owing  to  the  reactions  which  they 
undergo,  and  the  light  that  they  shed  on  the  problems  of  chemical  combination. 

Among  the  products  of  the  electric  furnace  were: — Crystallised  lime, 
strontia,  baryta,  and  magnesia ;  distilled  copper,  silver,  platinum,  tin,  gold, 
iron,  and  uranium ;  volatilised  carbon  and  silicon,  and  many  other  similar 
products.  Carbides  of  the  metals  of  definite  composition  and  properties  were 
often  formed ;  thus  from  aluminium,  Al^Ca  was  obtained  in  yellow  crystals, 
giving  pure  methane  on  treatment  with  water;  in  many  cases  excess  of 
carbon  crystallised  out  in  the  form  of  graphite  as  the  metal  cooled. 

In  his  systematic  search  for  a  method  to  produce  artificial  diamonds, 
Moissan  investigated  numerous  varieties  of  graphite ;  he  subjected  varieties 
of  carbon  to  the  intense  heat  of  the  electric  furnace,  in  order  to  study  their 
behaviour  and,  as  before  remarked,  he  studied  the  Cafion  Diablo  meteorite, 
in  which  small  diamonds  are  imbedded.  These  researches  made  him  familiar 
with  the  behaviour  of  carbon  under  all  possible  circumstances,  and  enabled 
him  to  separate  diamonds  from  other  materials  with  which  they  might  be 
mixed. 

The  first  actual  experiment  of  crystallising  carbon  under  pressure  from 
iron  was  made  with  200  grammes  of  Swedish  iron,  fused  in  the  electric 
furnace  for  six  minutes  with  sugar  charcoal  in  a  carbon  crucible.  The 
crucible  was  then  seized  with  tongs  and  plunged  into  a  vessel  full  of  cold 
water.  Moissan  relates  the  anxiety  with  which  this  was  first  attempted  ;  an 
explosion  was  feared ;  but,  although  the  water  boiled,  no  accident  occurred 
then,  nor,  indeed,  during  some  hundreds  of  similar  experiments.  The  iron 
was  dissolved  in  dilute  hydrochloric  acid ;  the  residue,  chiefly  consisting 
of  carbon  in  various  forms,  was  extracted  with  nitro-hydrochloric  acid,  and 
alternately  with  boiling  sulphuric  and  hydrofluoric  acids.  It  was  then, 
in  order  to  remove  graphite,  boiled  with  nitric  acid  and  potassium  chlorate. 
The  final  residue  was  "  floated  "  in  bromoform,  in  which  some  transparent 
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duBt,  of  deoBity  3  to  3*5,  sank,  while  a  black  BubBtaace  floated.  The  trans- 
para  Dt  particleB  scratched  Tuhj^  burned  to  carbon  dioxide,  and  ^Jiowed 
octahedral  faceta* 

Among  the  products  of  the  electiie  furuace  in  Moifiean's  hands  must  be 
mentioned  metallic  cbromimn,  manganese,  molybdenum^  tungsten,  uimntiuQ, 
fanadium,  airooniiun,  and  titanmm ;  and  carbides  of  litUum.  ealdiou, 
barium,  Btrontium,  cerium,  lanthanum,  yttrium,  thorium,  alamimgm, 
manganese,  and  uranium,  Moiisean  studied  the  action  of  water  and  acida 
on  theai^  new  compounds,  add  determined  the  proportious  of  hjdrt>gen  and 
hydrocarbons  which  they  yielded.  He  also  prepared  silicidea  of  irun,  ol 
chromium,  and  "carborundum"  now  the  trade  name  for  carbide  of  silicon;  as 
well  m  borides  of  iron,  carbon^  and  the  metals  of  the  alkaline  earths. 

These  rei^earclieB  were  described  in  two  works,  *Le  Fluor/  pnblished  in 
1887,  and  '  Le  Four  filectrique/  publiBheci  ten  years  later.  Since  that  dat^ 
MojBsan's  chief  researches  are  as  follows  :— The  preparation  of  ealciuui  by 
heating  calcium  iodide  with  aodium;  its  success  depends  on  the  easy  attack 
of  »Qdium  by  alcohol,  while  Ciilcium  is  hardly  affected  ;  sodium  ammoniuins 
and  methyl  ammouiums,  obtained  by  the  action  of  sodium  on  liquid 
itmnonia  and  ou  methylamine;  similar  bodies  obtaioed  from  litliinm  aud 
calcium ;  the  hydrides  of  calciiim,  sodium,  and  potassium,  in  a  memoir 
concei^ning  which  he  shows  that  these  bodies  are  non-conductors  of 
electricity,  and  that  tlie  hydrogen  must  be  considered  to  be  a  non-metal ;  in  | 
later  papers  he  descnbes  a  most  IngentQus  formation  of  sodium  formate  bj^t^fl 
the  [i^tioii  uf  carbnn  dioxide  on  sotlium  hydride ;  and  of  aodium  hyposulphite, 
NaaSa04,  by  treating  the  hydride  with  sulphur  dioxide. 

Moissan  did  not,  however,  desert  his  old  favourites,  fluorine  and  the 
products  of  the  electric  furnace ;  for  in  later  years  he  prepared  thionyl 
fluoride,  SOFa,  and  sulphuryl  fluoride,  SO^Fa,  both  gases ;  and  he 
redetermined  the  density  of  fluorine  in  a  dry  glass  vessel  The  electric 
furnace  yielded  him  metallic  niobium  and  tantalum ;  many  metals  of  the 
rare  earths;  and  borides  of  silicon.  A  silicide  of  lithium,  Li^Sia,  was 
prepared  ;  and  a  new  hydride  of  silicon,  SiaHe,  the  analogue  of  ethane.  He 
also  studied  the  acetylides  of  metals  of  the  alkalies.  His  last  research,  of 
which  an  account  appeared  in  the  *  Comptes  Eendus*  for  1906,  p.  675,  dealt 
with  the  distillation  of  titanium  in  the  electric  furnace.  In  all,  he  published 
more  than  '^00  memoirs  and  notices. 

This  incomplete  account  of  Moissan's  work  shows  how  productive  his 
laboratory  was ;  he  was  full  of  new  ideas,  most  of  them  offshoots  of  Ids 
original  great  discoveries;  nuich  of  his  work  was  carried  out  in  conjunction 
with  students,  of  whom  an  increasing  number  came  from  abroad;  for  his 
reputation  both  as  a  skilled  chemist  and  as  an  attractive  personality  had 
become  world  wide.  His  work  lay  almost  entirely  in  the  field  of  inorganic 
chemistry ;  and  it  contributed  to  turn  the  tide  which  had  set  so  long  in 
favour  of  organic  research. 

He  published,  along  with  many  other  collaborators,  a  treatise  on  inorganic 
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chemistry — "  Traits  de  Chimie  Min^rale  " — in  five  large  volumes,  which  has 
already  a  large  circulation  in  France,  and  in  point  of  detail  is  a  very 
complete  account  of  inorganic  compounds. 

Moissan  was  the  recipient  of  numerous  honours,  not  only  in  his  own 
couiitry,  but  also  abroad-  In  1888,  after  his  isolation  of  fluorine,  he  was 
elected  a  member  of  the  Academic  de  Mddecine;  in  1891,  of  the  Academic 
des  Sciences ;  in  1895,  membre  of  the  Conseil  d'Hygifene  de  la  Seine  ;  and  in 
1898,  of  the  Comity  Consultatif  des  Arts  et  Manufactures.  He  was 
foreign  member  of  the  Royal  Society  of  London ;  an  honorary  member  of 
the  Royal  Institution  and  of  the  Academies  of  Denmark,  Vienna,  Belgium, 
Upsala,  Haarlem,  Amsterdam,  New  York,  and  Turin,  besides  numerous 
others.     He  was  also  Commandeur  de  la  Legion  d'Honneur. 

In  1887  the  Institut  awarded  him  the  Prix  Lacaze,  one  of  its  most 
valuable  gifts;  he  was  the  Davy  medallist  in  189G,  and  the  Hofmann 
medallist  in  1903 ;  and  he  obtained  honours  from  the  Franklin  Institute  of 
Philadelphia,  from  the  Soci^td  d'Encouragement  pour  Tlndustrie  Nationale, 
and  the  Soci^t^  Industrielle  du  Nord  de  la  France.  And  in  1906,  shortly 
before  his  death,  he  was  awarded  the  Nobel  Prize  for  Chemistry. 

Moissan  was  a  practised  speaker,  and  a  perfect  expositor.  His  lectures  at 
the  Sorbonne  were  crowded  by  enthusiastic  students,  all  eager  to  catch  every 
word  ;  and  he  kept  their  attention  for  an  hour  and  three  quarters  at  a  time, 
by  a  clear,  lucid  exposition,  copiously  illustrated  by  well-devised  experiments. 
His  command  of  language  was  admirable:  it  was  French  at  its  best;  the 
charm  of  his  personality  and  his  evident  joy  in  exposition  gave  keen 
pleasure  to  his  auditors.  He  will  live  long  in  the  memories  of  all  who  were 
privileged  to  know  him,  as  a  man  full  of  human  kindness,  of  tact,  and  of 
true  love  of  the  subject  which  he  adorned  by  his  life  and  work.  Perhaps 
the  key  to  his  character  lies  in  his  own  words : — "  Nous  devons  tons  placer 
notre  id^  assez  haut  pour  ne  pouvoir  jamais  latteindre " ;  or,  as  our  own 
poet  has  put  it : — "  O  but  a  man's  reach  should  exceed  his  grasp ;  or  what's 
a  heaven  for  ? " 

W.R. 
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WILLIAM  HENEY  PERKIN,  1838—1907, 

SiE  William  Henry  Perkin,  whose  death  occurred  on  July  14,  1907,  was 
bom  in  London  on  Mai'ch  12,  1838.  He  was  the  youngest  son  ot  Mr.  George 
Fowler  Perkin,  a  builder  and  contractor,  who  died  in  1865  at  the  age  of  63, 
The  younger  Perkin  received  hia  early  education  at  a  private  school,  and  was 
afterwards  sent  to  the  City  of  London  School,  where  it  may  be  said  that  his 
inborn  talent  for  chemistry  as  a  aoience  first  took  definite  form  tln-ough  the 
encouragement  of  the  late  Thomas  Hall,  who  was  at  that  time  one  of  the 
class  masters  in  the  school.  Science  at  that  period  apparently  did  not  form  a 
recognised  part  of  the  educational  curriculum,  since  Mr.  Hall  had  to  take  the 
time  for  giving  two  weekly  lectures  on  chemistr>'  and  natural  philosophy 
out  of  the  dinner  interval.  The  schoolboy  Perkin  attended  these  lectures 
witli  the  greatetitt  delight^  often  sacrificing  the  midday  meal  in  his  enthusiasm, 
and  was  soon  promoted  to  the,  to  him,  proud  position  of  being  allowed  to 
prepare  the  expenmenU^,  and  help  Mr,  Hall  with  the  demonstrations  during 
the  lectures. 

It  is  evident  that  in  the  case  of  Perkin,  as  is  so  generally  the  case  with 
those  who  leave  their  mark  upon  any  branch  of  science,  the  particular 
specialisation  of  faculty  and  disposition  indicative  of  inherent  ability  i^vealed 
itself  at  a  comparatively  early  age,  and  it  is  certainly  a  fortunate  circ\imstance 
that  at  thirt  criticid  period  of  his  career  he  should  have  fallen  umler  the 
influence  of  Mr.  Hall,  who  was  himself  a  pupil  of  Hofmann's,  and  who, 
according  to  all  accounts  furnished  by  contemporaries,  must  have  been  highly 
inspiring  as  a  teacher  of  science.  Perkin  has  quite  recently  placed  upon 
record  the  histoiy  of  his  early  life  in  the  following  passage : — 

"  As  long  as  I  can  remember,  the  kind  of  pursuit  I  should  follow  during 
my  life  was  a  subject  that  occupied  my  thoughts  very  much.  My  father  being 
a  builder,  the  first  idea  was  that  I  should  follow  in  his  footsteps,  and  I  used 
to  watch  the  carpenters  at  work,  and  also  tried  my  hand  at  carpentering 
myself.  Other  things  I  noticed  led  me  to  take  an  interest  in  mechanics  and 
engineering,  and  I  used  to  pore  over  an  old  book  called  *  The  Artisan,'  which 
referred  to  these  subjects  and  also  described  some  of  the  steam  engines  then 
in  use,  and  I  tried  to  make  an  engine  myself  and  got  as  far  as  making  the 
patterns  for  casting,  but  I  was  unable  to  go  any  farther  for  want  of  appliances. 
I  had  always  been  fond  of  drawing,  and  sometimes  copied  plans  for  my  father, 
whose  ambition  was  that  I  might  be  an  architect.  This  led  me  on  to 
painting,  and  made  me  think  I  should  like  to  be  an  artist,  and  I  worked  away 
at  oil  painting  for  some  time.  All  these  subjects  I  pursued  earnestly  and  not 
as  amusements,  and  the  information  I  obtained,  though  very  elementary,  was 
of  much  value  to  me  afterwards.  But  when  I  was  between  twelve  and 
thirteen  years  of  age,  a  young  friend  showed  me  some  chemical  experiments, 
and  the  wonderful  power  of  substances  to  crystallise  in  definite  forms,  and 
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the  latter,  especially,  struck  me  very  much,  with  the  result  that  I  saw  there 
was  in  chemistry  something  far  beyond  the  other  pursuits  with  which  I  had 
previously  been  occupied.  The  possibility  also  of  making  new  discoveries 
impressed  me  very  much.  My  choice  was  fixed,  and  I  determined  if  possible 
to  become  a  chemist,  and  I  immediately  commenced  to  accumulate  bottles  of 
chemicals  and  make  experiments." 

It  was  at  this  period  that  Perkin  entered  the  City  of  London  School,  and, 
as  he  has  told  us  in  the  passage  just  quoted,  with  a  distinct  bias  towards 
chemistry  as  a  career.  This  decision  appears  to  have  caused  his  father  some 
disappointment,  as  at  that  time  chemistry  as  a  profession  offered  but  few 
attractions,  and  it  was  only  through  the  intercession  of  Mr.  Hall  that  he  was 
allowed,  at  the  age  of  fifteen,  to  enter  the  Royal  College  of  Chemistry  as  a 
student  under  Hofmann  in  the  year  1853.  His  special  •ability  must  have 
revealed  itself  also  to  the  eminent  professor  who  was  at  the  head  of  that 
institution,  for  he  soon  passed  through  the  ordinary  course  of  training,, 
consisting  of  qualitative  and  quantitative  analysis  and  gas  analysis,  and,  by 
the  end  of  his  second  year,  had,  under  Hofmann's  guidance,  carried  out  hia 
first  piece  of  research  work.  In  describing  this  period  of  his  career  in  a 
speech  delivered  in  New  York  in  October,  1906,  Perkin  significantly  added 
with  respect  to  the  ordinary  curriculum  which  all  students  of  the  Royal 
College  of  Chemistry  went  through  at  that  time : — '*  This  I  looked  upon  only 
as  a  preliminary  part  of  my  chemical  acquirements  and  not,  as  many  used  to 
and  some  still  do,  as  a  full  equipment.     Reseait3h  was  my  ambition     .    .     ." 

For  a  youth  with  these  proclivities,  no  more  iiispiriug  influence  existed  iu 
this  country  than  that  exercised  by  Hofmann  in  the  research  laboratory  in 
Oxford  Street,  and  at  the  age  of  seventeen  we  find  Perkin,  who  had  by  then 
proved  his  capabilities,  enrolled  as  honorary  assistant  to  the  Professor.  In 
that  laboratory  the  first  serious  insight  into  research  methods  was  acquired, 
and  it  is  of  particular  interest  t^  note  that  his  initiatory  work,  instigated  by 
Hofmann,  was  in  connection  with  the  hydrocarbon  anthracene,  a  substance 
which,  a  few  years  later,  served  as  the  starting  point  in  one  of  tlie  most 
brilliant  synthetical  achievements  in  scientific  and  industrial  chemistry,  with 
which  the  name  of  Perkin  will  be  always  associated.  No  less  interesting  is. 
the  circumstance  that  this  first  research,  although,  for  reasons  which  are  now 
readily  intelligible,  ending  in  negative  results,  in  no  way  daunted  the  ardour 
of  the  young  investigator,  who,  in  later  life,  frequently  declared  that  his  first 
efforts  at  getting  definite  products  from  anthracene  were  of  invaluable  service 
to  him  when  he  again  took  up  the  study  of  this  hydrocarbon  from  the 
scientific  and  technical  point  of  view.  The  problem  set  by  Hofmann  was,  in 
fact,  not  solved  until  more  than  a  quarter  of  a  century  after  Perkin's  first 
attempt,  and  then  by  a  very  indirect  method.  The  general  subject  which^ 
among  others,  was  under  investigation  in  the  Oxford  Street  laboratory  at  that 
time  was  the  production  of  organic  bases  from  hydrocarbons  by  the  reduction 
of  the  nitro-derivatives.  Anthracene,  then  known  as  "  paranaphthalene,"  had 
not  been  brought  within  the  range  of  these  experiments,  and  the  task  of 
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ieolating  the  bydroear!x)ii  from  coal-tar  pitch  with  a  view  to  nitrating  the  pure 
substance  was  entrusted  to  Perkin,  whose  diJhculties  in  att«iiiptiog  od  & 
laboratory  scale  to  acliieve  a  result  whicli  h  only  Bati&factorily  acc^nipE'^bed 
hoii  a  factory  scale  are  readily  imaginal)le.  However,  the  aid  of  the  tar 
di« tiller  was  invoked,  and  a  supply  of  the  raw  anthracene  obtained  from  the 
Bethels  Tar  Works,  but  the  pure  hydrocarbon  could  not  be  nitrated,  and  m 
the  de-sired  amine  corresponding  to  aniline  could  not  be  obtained.  As  a 
matter  of  fact.  Perk  in  had  unwittingly  produced,  by  tlie  action  of  nitric  acid 
upon  anthract^ne,  the  parent  gu  beta  nee  of  alizarin,  an  thraqni  none,  although  hiB 
aualyaes  failed  to  reveal  the  nature  of  the  compound,  t>ecause  at  that  time  an 
erroneous  formula  had  been  assigned  to  the  hydrocarbon  liy  iu  disco verera* 
UuiuBB  and  Laurent,  Other  (haloid)  denvatives  of  anthracene  prepared 
during  the  researgh  for  a  mniilar  reason  failed  to  give  intelligible  results  Qui 
analysis,  and  the  young  invefttigatoi-  was  therefoi^  given  another  piece  of 
work,  viz..  the  study  of  the  actioiL  of  cyanogen  chloride  upon  naphthylamine, 
this  being  a  part  of  a  general  research  upon  the  action  of  cyanogen 
chloride,  etc,,  upon  organic  Ijases,  which  had,  for  some  time,  been  going  on 
under  the  auspices  of  Hofniann,  This  second  investigation  was  brought  to  a 
aucoessful  iaaue  and  communicated  a  year  later  to  the  Chemical  Society  of 
London,  which  then  held  its  meetings  at  a  house  in  Cavendish  Square. 

Perk  in 's  lirst  successful  research  was  thus  completed  in  1855  and  appeared 
in  the  Journal  of  the  Chemical  Society  in  1S56  (yoL  9,  p.  8 ;  also  Lie  big's 
'  Annalen/  vol  9S,  p,  238)  from  which  time,  throughout  the  whole  period  of 
his  career,  that  Society  receiveil  ami  published  practically  the  whole  iiesults  of 
his  scientilic  labours. 

The  compound  described  by  Perkin  in  his  first  paper  as  "menaphthyl- 
-amine,"  in  accordance  with  the  nomenclature  of  the  period,  is  the 
u3t-dinaphthylguanidine  of  modern  chemistry.  But  one  naphthylamiue  was 
known  at  that  time,  and  the  possible  existence  of  a  second  modification  could 
.  not,  in  the  existing  state  of  chemical  theory,  have  been  foreseen.  That  the 
work  and  the  worker  found  favour  in  the  estimation  of  Hofmann  is  shown 
by  the  circumstance  that  on  its  completion  he  was  promoted  from  the  position 
of  honorary  assistant  and  made  a  member  of  the  research  staff,  his  colleague 
being  Mr.,  now  Professor,  Arthur  Herbert  Church,  with  whom  Perkin  formed 
a  friendship  which  lasted  throughout  his  life.  It  was  at  this  period  of  his 
career  that  he  made  that  discovery  of  the  dyestuff  mauve,  which  for  a  time 
diverted  his  attention  from  pure  to  applied  science,  although,  as  is  now  well 
known,  the  cause  of  pure  science  was  advanced  at  a  later  period  by  this  dis- 
covery to  an  extraordinary  degree,  and  in  many  directions  quite  unforeseen  at 
the  time.  The  story  of  the  discovery  of  the  first  coal-tar  colouring  matter 
has  been  frequently  placed  upon  record,  and  the  fiftieth  anniversary  was 
made  the  occasion  for  an  international  celebration  in  London,  in  July,  1906, 
when  Perkin  became  the  central  figure  and  received  the  homage  and  con- 
Igratulations  of  chemists  and  technologists  from  every  part  of  the  world. 
^Seldom,  if  ever,  in  the  history  of  science  has  the  discovery  of  one  chemical 
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compound  of  practical  utility  led  to  results  of  such  enormous  scientifio  and 
industrial  importance  as  this  accidental  preparation  of  mauve  in  1866.  The 
details  of  the  working  out  of  the  manufacturing  process  and  of  the  methods 
for  utilising  the  dyestuflf  belong  to  the  history  of  applied  science,  but  since 
the  discovery  was  the  outcome  of  purely  scientific  antecedents,  and  its  achieve- 
ment a  matter  which  materially  affected  Perkin's  career,  it  is  necessary  to 
recapitulate  this  chapter  of  his  activity  in  the  present  notice. 

The  remarkable  zeal  which  Hofmann*s  young  assistant  must  have  thrown 
into  his  work  is  well  revealed  by  the  circumstance  that  even  the  activity  of 
the  Oxford  Street  laboratory  failed  to  satisfy  his  craving  for  research.  He 
was  at  that  time  kept  at  work  upon  the  investigations  prompted  by  that  illus^ 
trious  professor  whose  resourcefulness  appeared  to  be  inexhaustible,  and  had 
little  or  no  time  for  working  independently.  He  accordingly  fitted  up,  in  1854, 
a  part  of  a  room  as  a  laboratory  in  his  own  home,*  and  there  carried  on  his 
researches  after  the  day's  work  at  the  College  was  over  and  during  the 
vacation.  It  is  of  considerable  interest  to  note  that  even  at  this  early  period 
his  work  brought  him  into  contact  with  colouring  matters,  for,  having  secured 
the  co-operation  of  his  colleague,  Mr.  Church,  one  of  the  first  pieces  of  work 
which  they  took  in  hand  was  the  investigation  of  the  products  of  reduction 
of  dinitrobenzene  and  dinitronaphthalene.  From  the  latter  there  was  obtained 
a  coloured  substance  which,  in  accordance  with  the  prevailing  views  concerning 
the  nature  of  such  compounds,  was  named  "  nitrosonaphtyline,"  and  a  brief 
account  of  it  was  given  to  the  Eoyal  Society  by  Hofmann  on  February  6, 
1856,t  the  complete  description  being  afterwards  published  in  the  names  of 
l^erkin  and  Chuixjh  in  the  Journal  of  the  Chemical  Society.J  The  interest 
attaching  to  this  colouring  matter  is  that  it  was  the  first  representative  of  the 
large  and  important  group  of  azo-dyes  derived  from  naphthalene  ever  manu- 
factured, although  its  true  nature  was,  of  course,  at  first  unknown  to  its 
<liscoverer8,  and  even  its  ultimate  composition  was  not  accurately  established 
at  the  time,  because,  seven  years  later,  when  Perkin  and  Church  resumed  the 
study  of  the  compound,  they  found  that  it  contained  no  oxygen,  as  had  at 
first  been  supposed,  and  that  it  could  be  made  more  conveniently  by  the  action 
of  a  nitrite  upon  a  salt  of  a-naphthylamine  in  the  presence  of  alkali.  The 
substance  was  renamed,  in  accordance  with  current  notions,  "  azodinaphthyl- 
diamine,"  and  the  amended  results  published  by  the  Chemical  Society .§  A 
patent  was  also  secured  (No.  893  of  1863)||  and  the  substance  had  a  limited 
use  as  a  dyestuff.  The  azodinaphthyldiamine  of  1863  is  the  a-aminoazo- 
naphthalene  of  modern  chemistry,  and,  it  may  be  added,  is  of  no  importance 
in  tinctorial  industry  at  the  present  time. 

♦  His  father's  house  was  at  that  time  known  as  "  King  David's  Fort,"  Shadwell,  E. 
The  name  is  still  preserved  in  King  David's  Lane. 

+  'Roy.  Soc.  Proc.,'  vol.  8,  p.  48. 

{  'Quart.  Jouru.,'  1867,  vol.  9,  p.  6. 

§  *Chem.  Soc.  Journ.,*  1863,  vol.  16,  p.  207. 

II  It  has  been  pointed  out  by  Caro  ('Berichte,'  1891,  vol.  24,  Appendix,  p.  3)  that  this 
patent  is  the  first  claiming  the  production  of  a  sulphonated  azo-colour. 
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The  discovery  of  a  compound  which  happened  to  be  a  colouring  matter 

waa  at  this  stage  of  Perkin*s  career  an  accidental  circumstanceras  was,  in  fact, 
the  discovery  of  mauve,  which  was  made  in  this  same  rough  home  laborutory  , 
about  the  same  time,  viz.,  the  Easter  vacation  of  ISSta,     In  view  of  the  wide- 
spread notioQ  that  discoveries  of  industrial  value  are  invariably  the  result 
of  researches  directed  solely  towards  this  practical  end,  it  may  be  of  interest 
to  place  once  again  upon  record  the  statement  that  the  first  coal-tar  colouring 
matter  was  discovered  by  Per  kin  as  the  outcome  of  as  distinct  a  piece  of  pure 
scientihc  reseaniih  as  was  possible  in  the  light  of  the  theoit?tical  conceptioins 
of  that  period.     It  must  be  borne  in  mind  that  in  185G  organic  chemists  had 
practrically  nothing  to  guide  them  in  expressing  the  forraultp  of  eompotiiidfl 
but  the  ultimate  composition  derived  from  aualytieal  results.     It  is  true  that 
the  possibility  of  different  substances  having  the  same  ultimate  composition 
had  J  since  the  time  of  Wohler  and  Berzelius,  received  recognition  amoug,] 
chemists,  but  these  early  ideas  concerniug  isomerism  had  not  yet  given  birth 
to  those  definite  couceptions  of  chemical  structure  which  at  a  later  period 
resulted  from  the  application  of  the  doctrine  of  valency.     Thus  in  1856  it 
was  scieutifically  legitimate  to  set  out  from  the  assumption  that  a  natural. 
product  might  be  syntliesised  if  the  elements  composing  it  t^ould  be  brought 
into  combination  in  the  right  proportions.     Many  attempts  to  produce  natural 
compounds  artificially  had  been  made  on  this  principle  since  the  fundamental       I 
synthesis  of  urea  from  ammonium  cyanate  by  Wohler  in  1828,  and  although  ^J 
no  success  in  the  way  of  the  desired  syntheses  can  be  recorded,  there  can  be  fl 
no  doubt  that  many  indirect  lesulta  of  lasting  importance  to  chemical  science 
were  arrived  at  in  this  way.     The   discovery  of   mauve   by  Perkin  is  an 
example  of  such  an  indirect  result  which  at  first  ranked  as  an  industrial 
success  only,  and,  it  may  now  be  said  fortunately,  for  a  time  diverted  the 
energies  of  its  discoverer  from  the  field  of  pure  science  to  that  of  chemical 
industry. 

In  so  far  as  the  discovery  of  mauve  is  attributable  to  scientific  as  distin- 
guished from  purely  technical  research,  it  may  be  pointed  out  that  in 
accordance  with  the  prevailing  belief  that  a  synthetical  product,  if  of  the 
same  empirical  formula,  would  prove  to  be  identical  with  the  natural  com- 
pound, Hofmann,  as  far  back  as  1849  had,  as  Perkin  himself  indicates  in  the 
Memorial  Lecture,*  suggested  the  possibility  of  synthesising  quinine  from 
naphthalene,  the  ground  for  this  suggestion  being  that  the  base  "  naphthalidine  " 
(=  naphthylamine)  was  at  that  time  supposed  to  differ  from  quinine  only  by 
the  elements  of  two  '*  equivalents  "  of  water,  so  that  if  the  hydration  of  the 
base  could  by  some  means  have  been  effected,  quinine  might  be  expected  to 
be  the  result.f  Ideas  of  this  order  were  prevalent  in  the  chemical  world 
about  the  middle  of  the  nineteenth  century,  and  Perkin  has  told  us  how, 
imbued  with  these  notions,  he  was  "  ambitious  enough  to  wish  to  work  on  this 

♦  '  Chem.  Soc.  Trans./  1896,  vol.  69,  p.  603. 

t  *  Reports  of  the  Royal  College  of  Chemistry,'  1849,  Introduction,  p.  61. 
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subject  of  the  artificial  formation  of  natural  compounds."*  Following  the 
method  then* in  vogue,  he  came  to  the  conclusion  that  the  most  likely 
generator  of  quinine  would  be  allyltoluidine,  since  two  "  equivalents  "  of  this 
compound,  by  taking  up  oxygen  and  losing  hydrogen  (in  the  form  of  water), 
would  give  a  substance  of  the  formula  of  quinine — 

2CioHi3N4-30  =  CaoH34Na02+H20. 

The  experiment  was  tried,  a  salt  of  allyltoluidine  being  oxidised  by 
potassium  dichromate,  but,  instead  of  quinine,  a  "  dirty  reddish-brown  pre- 
cipitate "  was  obtained.  This  result,  negative  in  one  sense,  still  appeared  of 
sufficient  interest  to  the  young  investigator  to  be  worth  following  up,  and  he 
repeated  the  experiitient  with  a  salt  of  the  simpler  base  aniline,  obtaining  in 
this  case  a  very  dark-coloured  precipitate,  which,  on  further  examination, 
was  found  to  be  a  colouring  matter  possessed  of  dyeing  properties.  Thus 
was  discovered  the  first  of  the  coal-tar  dyes,  the  subsequent  and  rapid 
development  of  which,  from  a  laboratory  curiosity  into  a  technical  product, 
brings  into  strong  prominence  the  extraordinary  combination  of  energy,  skill, 
and  resourcefulness  inherent  in  this  youth,  who  at  the  time  was  not  much 
over  seventeen  years  of  age.  The  very  fact  of  his  continuing  the  investiga- 
tion of  what  the  majority  of  contemporary  chemists  would  have  discarded  as 
an  unpromising  "  Schmier,"  may  be  taken  as  an  indication  of  his  originality, 
for  it  must  be  remembered  that,  at  that  time,  the  main  object  of  research  in 
organic  chemistry  was  to  obtain  definite  crystalline  compounds,  and  the 
formation  of  non-crystalline,  and  especially  of  coloured,  amorphous  products, 
was  considered  as  an  indication  of  the  failure  of  a  reaction.  This  view  of 
research  method  was  particularly  upheld  in  Hofmann's  laboratory,  and,  as 
has  frequently  been  pointed  out  by  many  critics  of  the  too-rigid  enforcement 
of 'this  method,  there  can  be  no  doubt  that  the  discovery  of  the  coal-tar 
dyes  was  considerably  retarded  by  the  liberal  use  of  animal  charcoal  as  a 
decolourising  material.  Hofmann  himself,  for  example,  is  well  known  to 
have  prepared  rosaniline  in  1858  incidentally  as  a  by-product  in  the  course 
of  his  study  of  the  reaction  between  carbon  tetrachloride  and  aniline, 
although,  so  far  as  concerned  the  main  objects  of  his  research,  he  regarded  it 
as  an  impurity.  To  Perkin  must  be  given  the  credit  of  having  the  courage 
to  break  through  the  traditional  dislike  of  investigating  coloured,  resinous- 
looking  products,  an  achievement  which,  in  the  case  of  mauve,  may,  perhaps, 
be  attributed  to  that  rare  combination  of  the  scientific  and  artistic  faculties 
which  he  was  known  to  possess.  The  fact  that  his  new  product  on  purifica- 
tion gave  a  compound  which,  at  that  time,  would  be  considered  as  imparting 
a  beautiful  shade  of  colour  to  fabrics  when  used  as  a  dye,  may  fairly  be 
claimed  to  have  appealed  to  his  aesthetic  sense,  and  to  have  lured  him  on 
with  his  research,  independently,  at  first,  of  immediate  practical  develop- 
ments. Professor  A.  H.  Church,  his  colleague  and  co-worker,  has  supplied 
the  following  statement  with  respect  to  this  period  of  his  career : — 
♦  Hofmann  Memorial  Lecture,  loc,  ctt. 
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"It  was,  I  think,  in  October,  1853,  that  William  Henry  Perkin  entered 
the  Eoyal  College  of  Chemistry,  and  was  assigned  the  next  bench  to  mine 

in  the  front  of  the  building,  looking  ont  i^pon  the  street.  One  year  Ijefoie 
this  date  I  had  gone  through  my  novitiate,  and  had  been  awarded  what  wa»  ^ 
called  a  acholarship — still  receiving  instruction  and  attending  the  lectnreap 
but  paying  no  fees.  Indeed,  I  had  been  carrying  out  from  time  to  time 
some  minor  researcheg  suggested  by  I)r.  Hotmann,  Perkiu  and  I  soon 
found  wo  had  several  intereata  in  common.  W'^e  were  both  given  to  painting, 
and  were  amateur  sketchera.  I  was  introduced  to  liis  home  at  King  Da^id'a 
Fort,  and  we  began  painting  a  pictiii^  together.  This  must  have  been  soon 
aft^r  the  Koyal  Aoadem)'  Exhibition  of  1S54,  when  I  had  a  jdctui-e  hung. 
I  was  nearly  four  years  Perkin*s  senior,  but  was  softn  impressed  by  hii 
mental  activity  and  his  devotion  to  work. 

"I  remember  the  epoch-making  experiment  in  which  mauve  was  first 
discovered.  He  repeated  it  in  my  pi^sence  for  my  particular  benefit. 
I  distinctly  recollect  stroiigly  urging  him  to  patent  his  invention.  Shortly 
after  tliis  date  I  left  the  college  for  Oxford,  but  Perkin  and  I  were  in 
ft^equent  communieation,  and  sometimes  worked  together  after  I  had  taken 
my  degree  in  1860,  and  until  my  appointment  in  1863  to  the  chair  of 
chemistry  at  the  Royal  Agricultural  College, 

*'  During  the  yciir  1855,  and  the  spring  of  1856,  Perkin  and  I  were  no 
longer  working  in  the  same  laboratory,  for  I  had  been  given  a  bench  in  the 
professor's  private  lalioratory  on  the  gi'ound  floor,  and  was  engaged  in 
carrying  out  some  of  his  most  important  researches  of  that  period." 

The  history  of  the  technical  development  of  this  discovery  has  been 
narrated  by  Perkin  in  his  Hofmann  Memorial  Lecture  of  1896,  and  it  is  only 
necessary  to  go  through  that  account  in  order  to  realise  the  magnitude  of 
his  achievement.  A  youth  of  about  eighteen,  undaunted  by  the  discourage- 
ment of  his  professor,  the  greatest  living  master  of  organic  chemistry,  had 
determined  to  work  out  his  discovery  on  a  manufacturing  scale,  with  no 
experience  or  training  as  a  manufacturer  himself,  and  with  no  precedent  to 
guide  him  in  the  construction  of  plant  for  carrying  on  operations,  which  had, 
up  to  that  time,  never  been  conducted  on  more  than  a  laboratory  scale. 
Hofmann's  opposition  to  his  young  assistant's  leaving  the  paths  of  pure 
science,  and  embarking  upon  what,  no  doubt,  appeared  to  his  maturer 
judgment  a  most  risky  undertaking,  is  quite  understandable,  and  fully 
justifiable.  Everything  in  connection  with  the  new  industry  had  to  be 
worked  out  from  the  very  Ijeginning — the  methods  for  the  isolation  and  pre- 
paration of  the  raw  materials,  as  well  as  the  manufacture  of  the  new  dyestuff, 
and  the  prejudices  of  the  dyers  and  printers  against  innovation  had  also 
to  be  overcome.  With  all  this  responsibility  ahead  of  him,  Perkin,  encouraged, 
no  doubt,  by  the  favourable  report  concerning  the  dyeing  qualities  of  his 
new  product  furnished  by  certain  practical  dyers,  and  especially  by  Messrs. 
PuUar,  of  Perth,  formally  resigned  his  position  at  the  Eoyal  College  of 
Chemistry,  and  boldly  entered  upon  his  career  as  an  industrial  chemist.     He 
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has  touchingly  placed  upon  record  his  indebtedness  to  his  father,  who> 
although,  as  already  stated,  at  first  inclined  to  be  adverse  to  his  taking  to 
chemistry  as  an  occupation,  had,  at  the  time  of  the  discovery  of  mauve,  so 
much  confidence  in  bis  son's  ability  that  he  threw  in  his  lot  with  the  new 
venture,  and  devoted  the  greater  part  of  his  life's  savings  to  the  building  of 
a  factory,  for  which  a  site  had  been  secured  at  Greenford  Green,  near 
Sudbury,  at  which  latter  place  Perkin  afterwards  resided.  His  elder  brother,* 
Thomas  D.  Perkin,  who,  during  the  summer  vacation  of  1856,  had  assisted  in 
making  mauve  in  the  laboratory  on  a  somewhat  larger  scale,  in  order  to 
supply  specimens  for  testing  by  the  dyers,  also  joined  in  the  undertaking. 
A  patent  was  secured  (No.  1984,  August  26,  1856),  and  the  building  of  the 
works  commenced  in  June,  1857,  and  six  months  later  the  new  dyestuff,. 
under  the  name  of  "  Aniline  Purple,"  or  "  Tyrian  Purple,"  was  being  manu- 
factured in  sufficient  quantity  to  supply  one  of  the  London  silk  dyers.t  The 
subsequent  development  of  this  precursor  of  the  coal-tar  dyes  forms  an 
interesting  and,  indeed,  a  romantic  chapter  in  the  history  of  applied  science. 
Its  reputation  spread  rapidly :  from  silk  dyeing  its  application  was  extended 
to  cotton  dyeing  and  to  calico  printing,  and  at  every  stage  of  'a  career,  which 
may  be  fairly  described  as  triumphant,  the  master  hand  of  William  Henry 
Perkin  can  be  detected.  Now  we  find  him  working  out  processes  for  the 
manufacture  of  nitrobenzene  and  aniline  on  a  scale  never  before  attempted,, 
then  we  learn  of  his  introducing  improvements  into  the  methods  of  silk 
dyeing  on  the  large  scale,  and  of  his  discovering  suitable  mordants  for 
enabling  the  dyestuff  to  be  applied  to  cotton  fibre  both  by  dyers  and 
calico  printers.  Well  may  it  be  said  in  Perkin's  own  words :  "  In  fact,  it 
was  all  pioneering  work."J 

In  spite  of  these  splendid  pioneering  efiforts,  however,  it  seems  that  the 
recognition  of  the  value  of  the  product  at  first  took  place  but  slowly  in  thia 
country,  and  it  was  not  until  it  had  been  taken  up  in  France  that  its  merits 
for  tinctorial  purposes  became  generally  recognised.  In  a  private  communi-^ 
cation  addressed  to  the  writer  of  this  notice  on  April  3rd,  1906,  Perkin 
states: — "The  value  of  the  mauve  was  first  realised  in  France,  in  1859. 
English  and  Scotch  calico  printers  did  not  show  any  interest  in  it  until 
it  appeared  in  French  patterns,  although  some  of  them  had  printed  cloth  for 
me  with  that  colour."  The  "  Soci(5t^  Industrielle  de  Mulhouse,"  it  may  be 
added,  awarded  him  a  silver  medal  for  his  discovery  in  1859,  and  afterwards, 
a  gold  medal.§  It  is  of  interest  to  note  also  that  a  paper  was  read  by  him  at 
the    Leeds    Meeting  of  the   British  Association, •  in   1858,   under  the  title: 

♦  Born  1831,  died  1891. 

t  The  name  **  Mauve,"  bv  which  it  was  afterwards  generally  known,  was  given  to  the 
dyestuff  in  France. 

X  Speech  at  the  Jubilee  Banquet  in  New  York,  October  6, 1906.  See  also  the  Hofmann. 
Memorial  Lecture,  loc,  cit.,  p.  609. 

§  Tlie  impetus  given  to  the  new  colouring  matter  through  French  influence  was  also- 
referred  to  by  Perkin  in  his  reply  to  Professor  Haller  at  the  Jubilee  Meeting  in  1906i 
(Report,  p.  11)  ;  see  also  *  Joum.  Society  of  Dyers  and  Colourists,'  April,  1907,  p.  106. 
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**  On  the  Purple  Dye  obtained  from  Coal  Tar"  (Beporte,  1858,  p.  58),  wlitti 
specunene  of  the  substance  and  fabrica  coloured  by  it  were  exhibited*  No 
more  appropriate  place  than  this  town,  in  the  centre  of  one  of  the  chief 
Beata  of  the  tinctorial  industry  in  Great  Britain,  conld  possibly  have  l>ecn 
seiectetl  for  bringing  the  discovery  under  the  notice  of  chemists  and 
technologists.  Sir  John  Herechel  was  President  of  the  Chemical  Section, 
and  by  a  remarkuble  cQinciden<x%  in  the  opening  address  of  the  President  of 
the  Association,  Professor  (afterwards  Sir  Bichard)  Owen,  there  occur  the 
following  pas^agea  d  p?*apos  of  the  general  progress  of  organic  cheniioal 
syn thesis  :~^'  To  the  power  which  mankind  may  ultimately  exercise  through 
the  light  of  synthesis  J  who  may  presume  to  set  limits  ?  >  ,  »  .  .  Already, 
natural  processes  can  be  moi^  economically  replaced  by  artiiicial  ones  in  the 
formation  of  a  few  organic  compounds  ,  .  ,  ,  •  It  is  impossible  to  foresee 
the  extent  to  which  chemistry  may  ultimately,  in  the  production  of  things 
needful,  suj>ei'8ede  the  present  vital  agencies  of  nature/'  This  pronouncement 
at  the  Meeting  when  the  first  of  the  coal-tar  colouring  matters  was  exhibited 
—a  discovery  which  laid  the  foundations  of  an  industr)^  which  now  supplies  us 
tar  products  the  ctilourmg  matters  of  madder  and  indigo — may  be  looked  upon 
as  prophetic. 

With  the  increase  in  the  demand  for  the  new  colouring  matter,  the 
Green  ford  Green  factory  had  to  be  enlarged,  and  at  one  |>erioti  tlie  quantity 
of  mauve  required  by  the  dyers  and  printers  was  more  than  cc^uld  be 
supplied  by  the  working  plant  in  use*  An  archil  dye  of  a  somewhat  similar 
shade,  ma^le  in  BVance,  was  introduced  into  this  eoinitry  under  t\m  name  ol 
"  French  Purple,"  and  used  as  a  substitute  for  mauve,  pending  the  execution 
of  the  orders  received  at  Greenford  Green.  The  scale  of  manufacture  of  the 
raw  material  had  necessarily  to  be  also  increased,  and  it  appears  that  the 
resources  of  the  Greenford  factory  were  so  taxed  that  the  aid  of  another 
firm  of  chemical  manufacturers  had  to  l>e  secured  in  order  to  prepare 
nitrobenzene.  This  firm,  Simpson,  Maule,  and  Nicholson,  had  an  establish- 
ment at  Locksfields,  in  the  south  of  London,  and  their  connection  with  the 
early  history  of  the  new  industry  is  of  interest,  for  the  reason  that  at  a  later 
period  they  also  took  up  the  manufacture  of  coal-tar  colouring  matters, 
Mr.  Edward  Chambers  Nicholson,  who  had,  about  a  decade  before  the 
discovery  of  mauve,  been  among  Hofmann's  most  brilliant  pupils,  having 
during  his  connection  with  this  branch  of  manufacture  made  many 
discoveries  of  the  greatest  importance.  In  calling  attention,  however,  to  the 
rapid  growth  of  the  coal-tar  colour  industry,  it  may  be  necessary  to  insert  a 
caution  in  order  to  prevent  an  exaggerated  idea  of  the  scale  of  operations 
being  formed  by  those  who  are  unacquainted  with  the  details  of  the  earlv 
stages.  The  production  of  the  raw  materials  and  of  the  finished  product  was 
large  only  in  comparison  with  the  laboratory  operations  conducted  in  glass 
flasks,  beakers,  and  retorts.  But  even  when  transferred  to  the  factory,  the 
operations  were  carried  on  at  first  on  what  would  now  be  considered  only  an 
experimental  scale  with   very  primitive  appliances,   so   enormously  has  the 
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size  and  perfection  of  the  plant  in  this  branch  of  manufacture  been  increased 
since  the  foundations  were  laid  by  Perkin  in  1856.* 

The  influence  of  this  inaugural  work  by  Perkin  upon  the  subsequent 
history  of  the  industry  is  too  well  known  to  need  recapitulation.  It  is  only 
necessary  to  point  out  that  the  introduction  of  aniline — at  that  time  a 
mixture  of  homologues — into  the  market  soon  led  other  investigators  to 
enter  the  field  of  colour  chemistry,  and  new  dyestuflfs  made  their  appearance 
in  rapid  succession,  the  most  noteworthy  after  mauve  being  magenta,  which 
was  discovered  as  a  technical  product  in  1859,  by  Verguin,  and  manufactured 
for  a  short  period  by  his  processf  by  the  firm  of  Eenard  Frferes  et  Franc,  of 
Lyons.  In  fact,  the  stream  of  competition  in  the  course  of  a  few  years 
turned  against  the  original  mauve,  the  demand  for  which  gradually  fell  ofif 
as  other  colouring  matters  of  a  similar  or  brighter  hue  were  introduced.  The 
consideration  of  chief  interest  in  connection  with  Perkin's  successful  venture 
into  the  domain  of  applied  chemistry  is,  however,  from  the  present  point  of 
view,  the  influence  which  his  work  in  this  field  exerted  upon  pure  science. 
That  it  has  exerted  an  enormous  influence  is  now  generally  recognised,  and  a 
critical  examination  of  the  course  of  development  of  the  industry  will  show 
that  the  gain  by  chemical  science  has  been  of  a  twofold  character — a  direct 
and  an  indirect  gain. 

In  the  first  pl«tce,  as  the  direct  result  of  introducing  into  commerce  in  large 
quantities  organic  chemical  products  which  had  before  been  but  laboratory 
curiosities,  a  great  stimulus  was  given  to  research,  and  chemical  workers 
of  the  highest  repute  took  up  the  investigation  of  the  new  products,  both 
raw  materials  and  colouring  matters.  As  an  indirect  consequence,  also, 
many  new  compounds  of  industrial  value  were  discovered  incidentally  in  the 
course  of  manufacturing  operations  conducted  on  the  large  scale,  and  these, 
with  the  colouring  matters  which  from  time  to  time  appeared  as  novelties, 
furnished  endless  subject  matter  for  research,  the  results  so  obtained  often 
proving  of  the  greatest  scientific  importance.  Not  the  least  interesting 
circumstance  in  connection  with  this  chapter  of  chemical  history  is  the  fact 
that  Hofmann  himself  soon  entered  the  field  of  tinctorial  chemistry,  to  which 
he  made  many  contributions  of  the  utmost  value  both  from  the  scientific  and 
technological  point  of  view.  He  was,  in  fact,  for  many  years  recognised 
as    the  leading   scientific    authority    on    coal-tar    colouring    matters,  and 

♦  The  manufacture  of  nitrobenzene  was  at  first  carried  on  in  large  glass  flasks  or 
'*  boltheads  "  and  it  was  even  impossible  in  the  early  days  to  get  nitric  acid  of  sufficient 
strength  to  nitrate  the  benzene,  so  that  a  mixture  of  sulphuric  acid  and  sodium  nitrate 
had  to  be  used.  It  was  afterwards  found  that  cast-iron  vessels  could  be  employed,  and 
the  scale  of  production  was  thus  considerably  increased.  It  may  be  of  interest  to  place 
upon  record  that  there  still  survives  at  an  advanced  age  one  of  the  men,  William  Under- 
wood, who  was  employed  in  the  early  manufacture  of  nitrobenzene  at  the  works  in 
liocksfields  in  1856,  and  who  remembers  the  development  of  the  operation  from  "  bolt- 
heads"  to  iron  stills.  This  information  has  been  furnished  to  the  writer  by 
Dr.  W.  Fleming,  of  Pirbright,  who  knows  and  has  attended  the  man. 

t  By  heating  crude  aniline  (1.0.,  aniline  containing  toluidine)  with  stannic  chloride. 
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many  of  bis  dieccjveries  were  practically  utilised  in  the  factories.  Then^ 
again,  there  eun  be  no  doubt  that  the  success  of  the  new  industry  and  the 
suoceaaiou  of  important  scientific  discoveries  which  followed  its  development 
attracted  large  numbers  of  students  into  the  chemical  schools,  and  many 
gifted  and  active  workers  were  by  this  means  drawn  m  recniitH  into  tho  ranks 
of  scientific  chemists.  It  is,  incleetK  not  going  too  far  to  say  that  the 
diBCOvery  of  the  c«ml-tar  colouring  matters  brought  about  such  a  revival  in 
th^  study  of  of^anic  chemistry,  and  particularly  in  that  of  the  so-called 
'*  aitjmatic ''  series,  that  when  the  epoch-making  couceptiou  concerning  the 
oonatitution  of  these  compounds  had  been  given  to  the  world  by  Kekul^  in 
1865,  the  rapid  extension  of  the  "benzene  tlieory  "  was  enonuously  facilitated 
by  the  resourcea  which  the  new  industry  had  given  to  pure  science,  if  it  if 
true  that  the  new  theory  materially  advanced  the  cause  of  the  industry,  it  m 
no  less  true  tliat  the  induatrj*  contributed  to  the  advancement  of  the  tFieory, 
the  verification  of  which  might  hav©  been  delayed  for  a  generation  or  more 
without  such  support,  No  better  illustration  of  the  intertlejiendence  of 
science  and  industry  has  ever  lieen  given  to  the  world  than  this  particular 
example  of  the  action  and  reaction  between  theoretical  and  applied  chemistry,* 
The  auccesa  of  the  new  industry  not  only  reacted  upon  the  «cience  of 
cliemistiy  in  the  way  indicated,  but  it  may  be  claimed  that,  contrary  tt^ 
Hofmann's  forebodings,  it  proved  in  the  long  run  beneficial  in  every  way  to 
Perk  in  himself  ^  and  through  him  to  that  acionce  to  which  he  devoted  bis 
life.  He  has  told  us  that  when»  being  fully  convinced  of  the  value  of  mauve, 
he  announced  his  intention  of  leaving  the  College  of  Chemistry  and  taking 
up  the  manufacture  of  the  new  colouring  matter,  he  determined  not  to  allow 
the  manufacturing  career  to  check  his  research  work,  and  nobly  did  he 
adhere  to  his  resolution.  His  published  papers  show  that  in  spite  of  all  his 
technical  work  the  stream  of  original  investigation  was  never  allowed  to 
stagnate.  Only  a  year  after  the  starting  of  tlie  Greenford  works,  viz.,  in 
1858,  in  conjunction  witli  Duppa,  he  discovered  that  aminoacetic  acid  or 
"  glycocoll,"  a  compound  which  up  to  that  time  had  only  been  prepared  by 
the  decomposition  of  natural  products,  could  be  obtained  by  heating  bromo- 
acetic   acid  with   amraonia.f      A  general   survey  of   his  work   during   his 

*  The  consideration  of  the  later  important  influence  upon  other  branches  of  science 
arising,  often  in  most  indirect  and  unforeseen  ways,  from  the  applications  of  coal-tar 
products  to  such  subjects  as  bacteriology,  histology,  therapeutics,  photography,  etc.,  would 
swell  this  notice  to  an  inordinate  extent.  Although  results  of  incalculable  value  have 
been  achieved  in  these  fields,  Perkin  himself  is  not  particularly  identified  with  any  of  the 
lateral  developments  of  his  initial  pioneering  labours.  References  to  this  aspect  of  the 
subject  were  made  in  some  detail  at  the  Jubilee  celebration  in  1906.  (See  the  official 
Report  published  by  the  Memorial  Committee,  and  also  a  paper  by  Dr.  Hugo  Schweitzer 
in  *  Science,'  No.  616,  October  19,  1906,  p.  481.) 

t  Perkin  and  Duppa,  *  Liebig's  Aunalen,'  vol.  108,  p.  112.  This  discovery  is  specially 
referred  to,  not  only  as  illustrating  Perkin's  extraordinary  activity  during  this  busy 
period,  but  also  because  the  compound  is  the  type  of  a  large  group  of  amino-acids  which 
of  late  years  have  become  of  extreme  importance  owing  to  their  relationship  to  the 
proteins,  as  shown  by  Emil  Fischer  and  his  co-workei-s. 
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connection  with  the  coal- tar  colour  industry,  which  ceased  in  1874,  brings 
out  very  clearly  the  double  line  of  thought  which  during  that  period 
actuated  his  research  work.  Concurrently  with  the  investigation  of  the 
dyestuffs,  he  carried  on  researches  in  other  departments  of  organic  chemistry 
which  had  at  that  time  no  relations  with  tinctorial  chemistry.  Thus  we  find 
that  by  1860  he,  in  conjunction  with  Duppa,  had  discovered  the  relationship 
between  tartaric  and  fumaric-maleic  acid,  and  had  effected  the  synthesis 
of  racemic  acid  from  dibromosuccinic  acid,  a  line  of  work  which  was  followed 
up  with  signal  success.*  About  1867  he  must  have  commenced  those 
researches  on  the  action  of  acetic  anhydride  upon  aromatic  aldehydes  which 
led  to  such  important  developments  and  culminated  in  that  beautiful 
method  of  synthesising  unsaturated  acids  now  known  as  the  "Perkin 
synthesis."  The  first  paper  of  this  series  bore  the  title  "  On  the  Action  of 
Acetic  Anhydride  upon  the  Hydrides  of  Salicyl,  Ethylsalicyl,  etc.,"t  and  as 
the  outcome  of  this  work  the  synthesis  of  coumarin,  the  odorous  substance 
contained  in  Tonka  Bean,  etc.,  was  announced  the  following  year.$  The 
production  of  a  vegetable  perfume  from  a  coal-tar  product  was  thus  first 
made  possible  by  Perkin,  and  the  continuation  of  this  work,  after  his  retire- 
ment from  the  industry,  led  to  his  celebrated  discovery  of  the  synthesis  of 
cinnamic  acid  from  benzoic  aldehyde,  an  achievement  wliich  subsequently,  in 
the  hands  of  Adolf  v.  Baeyer  and  H.  Caro,  made  possible  the  first  synthesis 
of  indigo  from  tar  product8.§  It  is  of  interest  to  note  also  that  while  still 
in  the  coal-tar  colour  industry  he  took  part  in  the  discovery  of  synthetical 
methods  for  producing  glyoxylic  acid  from  dibromacetic  and  bromoglycollic 
acids,  thus  giving  the  first  insight  into  the  constitution  of  glyoxylic  acid,  a 
result  of  considerable  significance  in  view  of  the  important  part  attributed  by 
many  modern  chemists  to  this  acid  in  the  photosynthetic  processes  going  on 
in  growing  plants.|| 

The  research  work  done  during  Perkin's  colour-making  period  was  carried 
on  in  a  laboratory  in  a  house  just  outside  the  Greenford  factory,  where  also 
the  scientific  investigations  in  connection  with  the  colouring  matters  were 
conducted,  the  double  line  of  work  already  indicated  being  revealed  by  the 
paj^ers  published  during  that  period.  It  has  not  been  considered  necessary 
to  give  a  complete  list  of  these  papers  in  the  present  notice,  but  it  will  be  of 

*  Perkin  and  Duppa,  *  Liebig's  Annalen,'  1860,  vol.  115,  p.  105  ;  *Chem.  Soc.  Journ./ 
1860,  vol.  13,  p.  102;  Perkin,  *Chem.  Soc.  Journ.,'  1863,  vol.  16,  p.  198;  Perkin  and 
Duppa,  'Liebig's  Annalen,'  1864,  vol.  129,  p.  373;  Perkin,  *Chem.  Soc.  Proc,'  1888, 
vol.  4,  p.  75. 

t  *Cheni.  Soc.  Journ.,*  18()7,  vol.  20,  p.  586. 

X  "On  the  Artificial  Production  of  Coumarin  and  Formation  of  its  Homologues," 
*Chem.  Soc.  Journ.,'  1868,  vol.  21,  pp.  53  and  181. 

§  "  A  Preliminary  Notice  of  the  Formation  of  Coumarin,  Cinnamic  Acid,  and  other 
similar  Acids,"  *  Chem.  News,'  1875,  voL  32,  p.  258  ;  "  On  the  Formation  of  Coumarin  and 
of  Cinnamic  and  of  other  Analogous  Acids  from  the  Aromatic  Aldehydes,"  '  Chem.  Soc. 
Trans.,'  1877,  vol.  31,  p.  388. 

II  Perkin  and  Duppa,  *Chera.  Soc.  Journ.,'  1868,  vol.  21,  p.  197. 
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iuterest  to  call  attention  to  the  fact  that  the  purely  scientific  study  of 
colouring  matters  undertaken  at  this  time  centred  round  liia  early  discoveries,  J 
It  was  in  this  new  laboratory  at  Greenford  that  lie  and  Church  continued 
the  investigation  of  '*  titadiriaplithyldiamiue "  alrejidy   mentioned,   and  tlia- 
oovei'ed  a  method  for  resolving  this  compound  by  complete  reduction,  ihut  | 
introducing  a  proce^  which  is  still  the  standard  one  for  determining  ih& 
constitution  of  azo-compoundS|  and  at  the  same  time  leading  to  the  isolation 
of  the  first  diamine  derived  from  nuphthylamme.*     Nor  did  he  allow  his 
scientific  intei^st  in  his   first  discovered   dyfestttff  to  flag,  for  one   paper 
on  maxive  from  the  purely  chemical  point  of  view  was  published  during  hii' 
connection  with  the  industry  and  another  after  hm  retirement  in  1374t 

In  1868  it  was  shown  by  Graebe  and  Liebermann  that  the  cnlouri^gg 
matter  of  the  madder,  alizarin ^  one  of  the  most  ancient  of  vegetable  dya 
stufrs  and  a  substance  of  immense  value  for  tinctorial  purposea,  was  a 
derivative  of  the  coal-tar  hydrocarbon  anthracene,  and  not,  aa  had  up  to 
that  time  been  believed,  a  derivative  of  najihthalene.  The  synthesis  of  tliis 
compound  was  effected  by  Graebe  and  IJeberraann  in  that  j&m\  and  patents 
for  its  manufacture  from  anthracene  secured  in  Germany  and  in  Great 
Britain,  this  being  the  first  instance  of  a  natural  vegetable  colouring  matter 
having  been  pitHiuced  artificially  by  a  purely  chemical  method.  This 
discovery  had  a  great  influence  upon  Per  kin's  career  as  an  industrial  chemist* 
and  may^  indeed,  be  ct»nsidered  to  have  marked  a  new  phase  of  his  activity 
in  this  field.  There  was  no  living  worker  in  this  country  at  that  time 
l>esi(les  Perk  in  win*  so  coniplntely  cum  hinted  in  himself  all  the  necessary 
qualifications  for  taking  advantage  of  such  a  discovery.  Imbued  with  the 
spirit  of  his  early  ambition  to  produce  natural  compounds  synthetically,  with 
more  than  a  decade's  experience  as  a  manufacturer,  with  the  resources  of  a 
factory  at  his  disposal,  and,  not  least,  with  special  experience  of  anthracene 
as  the  very  substance  upon  which,  at  Hofmann's  instigation,  he  commenced 
his  career  in  research  work,  it  can  readily  be  understood  that  Graebe  and 
Liebermann's  results  should  have  appealed  to  him  with  special  significance. 
The  first  patented  process  of  the  German  discoverers  was  confessedly  too 
costly  to  hold  out  mucli  hope  of  successful  competition  with  the  madder 
plant,  requiring  as  it  did  the  use  of  bromine.  Perkin  at  once  realised  the 
importance  of  cheapening  the  process  by  dispensing  with  the  use  of  bromine, 
and  undertook  researches  with  this  object.  As  a  result,  the  following  year 
(1869)  witnessed  the  introduction  of  two  new  methods  for  the  manufacture 
of  artificial  alizarin.  In  one  of  these  processes  dichloranthracene  was  the 
starting  point,  and  in  the  other  the  sulphonic  acid  of  anthraquinone,  the  first 

*  ^Cheni.  Soc.  Journ.,'  1865,  vol.  18,  p.  173. 

+  "On  Mauve  or  AniHue  Purple,"  *  Roy.  Soc.  Proc.,'  1863,  vol.  12,  p,  713  (abstract); 
1864,  vol.  13,  p.  170  (full  paper).  '*  On  Mauveine  and  Allied  Colouring  Matters,"  *  Chem. 
Soc.  Trans.,'  1879,  vol.  35,  p.  717.  In  1861  he  lectured  before  the  Chemical  Society  on  the 
new  coal- tar  colouring  matters,  on  which  occasion,  he  has  told  us,  Faraday  was  among 
his  auditors  and  congratulated  him  at  the  end  of  the  lecture. 
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being  of  special  value  in  this  country  owing  to  the  diflBculty  of  obtaining  at 
that  time  "  fuming  "  sulphuric  acid  in  large  quantities.  The  second  process, 
which  is  the  one  still  in  use,  had  quite  independently  been  worked  out  in 
(Jermany  by  Caro,  Graebe,  and  Liebermann,  and  patented  in  England  prac- 
tically simultaneously  with  Perkin's.*  The  subsequent  industrial  develop- 
ment of  this  brilliant  achievement  has  now  become  historical ;  the  artificial 
alizarin  has  completely  displaced  the  natural  colouring  matter,  and  madder 
growing  as  an  industry  has  become  extinct.  It  is  of  interest,  as  showing  the 
growth  of  the  new  industry,  to  reproduce  Perkin's  statement  in  1876  : — 

"  The  quantity  of  madder  grown  in  all  the  madder-growing  countries  of 
the  world,  prior  to  1868,  was  estimated  to  be  70,000  tons  per  annum,  and 
at  the  present  time  the  artificial  colour  is  manufactured  to  an  extent 
equivalent  to  50,000  tons,  or  more  than  two-thirds  of  the  quantity  grown 
when  its  cultivation  had  reached  its  highest  point."t 

The  development  of  this  branch  of  the  coal-tar  industry  in  the  Greenford 
Green  Factory  has  also  been  recorded  by  Perkin  : — 

"Before  the  end  of  the  year  (1869)  we  had  produced  1  ton  of  this 
colouring  matter  in  the  form  of  paste;  in  1870,  40  tons;  and  in  1871> 
220  tons,  and  so  on  in  increasing  quantities  year  by  year  ...  up  to  the  end 
of  1870  the  Greenford  Green  Works  were  the  only  ones  producing  artificial 
alizarin.  German  manufacturers  then  began  to  make  it,  first  in  small  and 
then  in  increasing  quantities,  but  until  the  end  of  1873  there  was  scarcely 
any  competition  with  our  colouring  matter  in  tliis  country  ."J 

This  brilliant  achievement  in  technology  again  served  to  bring  out  the 
purely  scientific  spirit  which  animated  all  Perkin's  work.  The  chemical 
investigation  of  anthracene  derivatives  was  carried  on  concurrently  with  the 
industrial  development  of  the  factory  process,  and  also  after  his  retirement, 
about  a  dozen  papers  on  these  compounds  having  been  published  between 
1869  and  1880.  The  discovery  of  a  practical  process  for  the  manufacture 
of  alizarin  thus  led  to  the  utilisation  of  another  coal-tar  hydrocarbon 
anthracene,  which  had  up  t-o  that  time  been  a  waste  product,  and  the 
methods  for  isolating  and  purifying  this  substance  had,  as  in  the  case  of 
benzene,  etc.,  to  be  worked  out  in  the  factory.  All  the  diflBculties  insepar- 
able from  large-scale  operations  with  new  materials  were  successfully 
surmounted  by  Perkin;  the  increasing  demand  for  artificial  alizarin  taxed 
all  the  resources  of  the  factory,  and  by  1873,  when  the  necessity  for 
introducing  enlarged  plant  became  imperative,  advantage  was  taken  of  the 
opportunity  for  transferring  the  works  to  the  firm  of  Brooke,  Simpson,  and 
Spiller,  the  successors  to  the  firm  of  Simpson,  Maule,  and  Nicholson,  which 
had  co-operated  with  Perkin  in  the  early  days  of  the  mauve  manufacture. 

*  The  patents  are,  Caro,  Graebe,  and  Liebermann,  No.  1936,  of  June  25,  1869,  and 
W.  H.  Perkin,  No.  1948,  of  June  26,  1869. 

t  Presidential  Address    to  Section  B  of  the    British    Association,   Glasgow,    1876, 
'  Eeports,'  p.  61. 

J  Hofmann  Memorial  Lecture,  *Chem.  Soc  Trans.,'  1896,  vol.  69,  p.  632. 
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The  present  "  British  Alizarine  Company  "  afterwards  took  over  the  works 
from  Brooke,  Simpson,  and  Spiller,  and  removed  the  manufacture  from 
Greouford  Green  to  Bilvertown,  so  that  the  latter  factory  is  the  lineal 
deBCendant  of  tlie  original  establishment  which  gave  the  first  coal-tar 
colouring  matter  to  tinctorial  industry. 

On  completion  of  the  sale  of  the  Greenford  Green  Works  in  1874,  Perkiii 
retired  after  eighteen  years*  connection  with  the  industry.  In  view  of  th^t 
en^jrmous  development  of  this  branch  of  ni^ufacture  iu  later  times,  it  is 
of  interest  to  re^^all  the  circumstance  already  mentioned  that  the  whole 
output  of  the  original  factor)%  both  in  numlver  and  quantity  of  prodvictii, 
would  appear  quite  trivial  in  eojuparieon  with  that  of  one  of  the  great 
German  factories  now  in  existcnce^-a  fact  which  only  serves  to  emphasise 
the  extraordinary  fertility  of  the  seed  originally  planted  by  Perkin,  whose 
labours  as  a  technologist  led,  as  a  practical  issue,  to  the  acquisition  of 
sufficient  means  to  enable  him  to  withdraw  altogether  from  the  industrial  j 
eide  of  chemistry  at  the  comparatively  early  age  of  36,  while  still  in  the 
prime  of  life.  By  many  who  have  watched  the  dec-adcnce  of  the  coal -tar 
colour  industry'  in  this  countiy,  he  haa  been  blamed  for  cutting  himself  so 
»oon  adrift  from  his  own  offspring.  There  h  no  doubt  tliat  the  life  of  the 
industry  here  would  have  been  prolonged  if  he  had  kept  in  touch  with  it» 
but  it  must  not  be  forgotten  that  at  the  time  of  his  retirement  he  left 
thiuf^  iti  a  very  flouritihiug  contUtion,  Other  factories  had  developed  intn  ^j 
auc^essful  establishments,  and  Great  Britain  was  well  to  the  front  in  thii^l 
branch  of  manufacture.  Neither  Perkin  nor  his  contemporariea  could  have 
foreseen  in  1874  that  our  position  would  later  be  so  successfully  assailed 
by  foreign  competitors.  To  a  man  with  his  most  moderate  personal  require- 
ments, and  with  tlie  ardour  of  the  original  investigator  unquenched,  the 
means  of  retirement — modest  enough  as  compared  with  the  fortunes 
accumulated  by  modern  successful  manufacturers — simply  meant  the 
opportunity  of  giving  practical  effect  to  tliat  resolution  concerning  his 
mission  as  a  research  chemist  which  he  had  formed  as  a  youth,  which  he 
had  adhered  to  throughout  his  industrial  career,  and  which  it  was  liis 
desire  to  carry  out  untrammelled  by  V)usiness  distractions  throughout  the 
remainder  of  his  working  period.*  Industry  may,  and,  no  doubt,  did, 
lose  by  his  decision,  but  science  gained  by  thirty  years  of  his  activity  from 
the  period  of  his  retirement  down,  practically,  to  tlie  end  of  his  life. 

The  contributions  to  chemical  science  which  proceeded  from  Perkin's 
laboratory  after  1874  have,  to  some  extent,  been  referred  to.  After  his 
connection  with  the  Greenford  Green  Factory  had  terminated,  he  had  a  new 
house  built  at  Sudbury,  converting  the  adjacent  house  in  which  he  had 
previously  resided  into  a  laboratory,  and  it  was  here  that  from  1875  he 
continued   his   investigations   of    those   colouring   matters   with    which   his 

♦  "  The  great  importance  of  original  research  h;is  been  one  of  the  things  I  have  be*»n 
advocating  from  the  commencement  of  my  chemical  career,  in  season  and  out  of  season." 
From  a  speech  by  Perkin  at  the  Jubilee  Banquet  in  London,  on  July  2J6, 1906. 
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manufacturing  experience  had  brought  him  into  contact,  such  as  mauveiue, 
the  anthracene  derivatives,  etc.  In  1881  he  first  drew  attention  to  a  certain 
physical  property  of  some  of  the  compounds  which  he  had  prepared,  viz.,  their 
magnetic  rotary  power,  which  observation  diverted  his  activity  into  an 
entirely  new  channel.  On  further  development  in  his  hands  this  method 
became  a  powerful  weapon  in  dealing  with  questions  of  chemical  constitu- 
tions, and  the  remainder  of  his  life  was  more  or  less  devoted  to  its 
elaboration.  As  Perkin's  name  must  always  be  intimately  associated  with 
this  chapter  of  physical  chemistry,  it  will  be  of  interest  to  place  upon  record 
his  earliest  observation.  In  a  paper  entitled  "  On  the  Isomeric  Acids 
obtained  from  Coumarin  and  the  Ethers  of  Hydride  of  Salicyl  "*  he  describes 
the  methyl  ether  of  "  a-methylorthoxyphenylacrylic  acid,"  which  he  had 
first  prepared  in  1877,  and  in  this  paper  occurs  the  statement : — 

"  A  determination  of  its  magnetic  rotary  power  gave  for  the  yellow  ray  2*334, 
water  being  taken  as  1.  Test  observations  were  made  at  the  same  time  with 
water  and  carbon  bisulphide,  and  gave  results  very  nearly  identical  with 
those  obtained  by  Becquerel."t 

It  is  not  difficult  to  follow,  at  least  conjecturally,  the  mental  process  by 
which  Perkin  was  enabled  to  foresee  that  this  property  might  be  utilised 
for  investigating  the  constitution  or  structure  of  chemical  molecules,  a 
subject  which  even  at  that  time  was  beginning  to  bristle  with  difficulties  and 
ambiguous  results  when  handled  by  purely  chemical  methods.  He  had  for 
precedent  the  success  which  had  attended  the  study  of  other  optical 
properties  of  organic  compounds,  such  as  ordinary  (not  induced)  rotary 
power,  dispersion,  refractivity,  etc.,  and  he  threw  himself  seriously  into  this 
line  of  work,  armed  with  the  skill  of  an  accomplished  experimenter,  and 
with  that  true  instinct  as  a  chemist  which  enabled  him  to  deal  with  his 
materials  in  such  a  manner  that  his  results  at  once  commanded  coknplete 
confidence,  in  spite  of  the  circumstance  that  this  kind  of  work  was  for  him 
a  totally  new  departure.  In  1882  he  published  a  preliminary  paper  on  the 
application  of  this  method,  and  a  complete  account  in  1884.J 

From  that  time  onwards  the  Chemical  Society  received  and  published 
constant  instalments  of  his  work,  the  fertility  of  the  method  being  shown 
not  only  by  the  long  list  of  papers  published  in  his  own  name,  but  also  by 
the  numerous  observations  recorded  in  the  papers  of  other  workers,  to  whose 
sei'vice  his  apparatus  and  his  observational  powers  were  frequently  and 
imgrudgingly  devoted.  His  achievements  in  this  field  are  well  summarised 
in  a  letter  from  Professor  J.  W.  Brtihl,  of  Heidelbei'g,  himself  one  of  the 

♦  *  Chem.  Soc.  Trans.,'  1881,  vol.  39,  p.  409. 

t  *  Ann.  Chim.,'  1877  (5),  vol.  12,  p.  22.     Loc.  cit.,  p.  411. 

J  "  On  Rotary  Polarisation  by  Chemical  Substances  under  Magnetic  Influence,"  *Chem. 
Soc.  Trans.,'  1882,  vol.  41,  p.  330.  "On  the  Magnetic  Rotary  Polarisation  of  Compounds 
in  Relation  to  their  Cliemical  Constitution  ;  with  Observations  on  the  Preparation  and 
Relative  Densities  of  the  Bodies  examined,^'  ibid.y  1884,  vol.  46,  p.  421.  This  last  paper, 
which  occupies  60  pages  of  the  volume,  contains  a  full  description  of  the  apparatus  and 
method  of  observation. 
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pioneem  ia  the  application  of  optical  methoda  for  the  determination  of 
chemical  constituticn,  sent  to  the  writer  of  this  notice  for  transmission  to 
Perkiii  on  the  occasion  of  the  Jubilee  celebmtian  in  19D6 :  "  Availing  yom-eelf 
of  the  marvellous  discovery  of  your  great  countryman,  Michael  Faraday,  you 
undertook  to  investigate  the  relations  between  the  chemical  composition  of 
btKlies  and  their  magnetic  circular  polarisation— that  ie  to  say,  one  of  the 
general  properties  of  all  nmtter.  Before  you  began  work  there  was  little, 
almost  nothing,  known  of  this  subject,  certainly  nothing  of  practical  use  to 
tile  chemist.  You  created  a  new  branch  of  science,  taught  us  how,  from  the 
magnetic  rotation,  concluaions  can  be  drawn  as  to  the  chemical  structure  of 
bodies,  and  showed  that  the  magnetic  rotation  allows  ua  to  draw  compre- 
hensive and  certain  conclusions  as  to  the  chemical  constitution  of  substances^ 
just  as  we  may  from  another  general  physical  property,  viz.,  refraction  and 
dispei-sion.  And  by  showing  that  both  these  physical  methods  of  investi^- 
tion  lead  to  completely  harmonious  results,  you  did  essential  service  to  both 
the  branches  of  study,  and  also  to  chemistry,  which  they  are  destined  ttt 
serve," 

This  last  statement  by  Hriilit  which  relates  to  one  of  the  mast  interestini 
results  of  the  study  of  magnetic  rotation,  hm  I'eference  to  a  development  oi 
Perkin's  work,  which  lutjught  him  into  association  with  the  late  John  Hall 
Gladstone,  the  pioneer  and  handing  authority  in  this  country  at  that  time  on 
the  relations  between  re f (active  and  disi^ersive  power  and  chemical  coustitu- 
tioti*  The  correspondence  Ijct^  een  the  results  arrived  at  by  these  two  optical 
methods  forms  tfie  t^ubjiM.^!  nf  m  joint  paper  by  rUndsione  aiul  Perk  in  pub- 
lished in  1889.*  Eighteen  years  later,  Perkin's  last  paper,  to  which  attaches 
the  melancholy  interest  that  it  was  read  before  the  Chemical  Society  on 
April  18,  1907,  only  a  few  montiis  before  his  death,  bears  the  title:  **  The 
Magnetic  Potation  of  Hexatriene,  CHa:  CH.CH :  CH.CH  :CH2,  and  its 
Eelationship  to  Benzene  and  other  Aromatic  Compounds  :  also  its  Refractive 

Power."t 

Although,  as  already  stated,  the  latter  part  of  Perkin's  life  was  devoted 
mainly  to  his  work  on  magnetic  rotation,  he. published  also  during  this  period 
a  few  papers  relating  to  other  subjects,  among  which  perhaps  the  most 
notable  is  his  contribution  to  the  subject  of  low  temperature  combustion, 
entitled  "  Some  Observations  on  the  Luminous  Incomplete  Combustion  of 

*  "  On  the  Correspondence  between  the  Magnetic  Rotation  and  the  Refraction  and 
JUspersion  of  Light  by  Compounds  containing  Nitrogen,"  *Chem.  Soc.  Trans.,*  1889, 
vol.  55,  p.  750.  The  correnpondence  between  Perkin  and  Gladstone  during  this  period 
has  been  placed  at  the  disposal  of  the  writer  by  Miss  Gladstone.  The  letters  are 
interesting  as  showing  the  extreme  conscientiousness  in  every  detail  with  which  Perkin 
carried  out  his  work.  The  results  are  embodied  in  the  above  paper,  and  a  further 
contribution  by  Perkin  was  published  two  years  later,  under  the  title,  "The  Refractive 
Power  of  certain  Organic  Compounds  at  different  Temperatures,"  'Chem.  Soc.  Proc,' 
1891,  vol.  7,  p.  115.  In  liis  later  papei^s  he  dealt  with  refractivity  as  well  as  magnetic 
rotation  ('Chem.  Soc.  Trans.,'  1896,  vol.  69,  p.  1  ;  ibid,,  1900,  vol.  77,  p.  267,  etc.). 

t  '  Chem.  Soc.  Trans.,'  1907,  vol.  91,  p.  806. 
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Ether  and  other  Organic  Bodies."*  The  writer  of  this  notice  well  remembers 
the  keen  interest  with  which  the  experiments  were  followed  in  the  darkened 
meeting  room  of  the  Chemical  Society  at  Burlington  House  when  this  paper 
was  read.  In  view  of  the  modern  revival  in  the  scientific  study  of  the 
chemical  mechanism  of  combustion,  it  is  of  importance  that  Perkin's  observa- 
tions should  not  be  allowed  to  fall  into  oblivion. 

It  has  been  claimed  in  a  previous  part  of  this  notice  that  Perkin's  entry 
into  the  domain  of  chemical  industry  was  no  real  loss,  but  actually  a  gain 
to  pure  science.  His  published  papers,  considered  in  detail,  show  that  his 
contributions  to  "colour  chemistry"  are  far  outweighed  by  his  work  in 
other  fields.  In  fact,  the  extension  and  completion  of  the  investigation  of 
the  dye§tuffs  of  his  industrial  period  is  due  to  other  workers,  and  Perkin's 
achievements  in  this  direction  are,  on  the  whole,  more  of  a  technological 
than  of  an  abstract  scientific  character,  the  constitution  of  most  of  the 
colouring  matters  having  been  subsequently  worked  out  chiefly  by  the  group 
of  brilliant  continental  investigators  attracted  by  the  success  of  the  new 
industry,  and  stimulated  by  the  rapid  development  in  chemical  theory  then 
going  on  in  Germany.t  But  although  Perkin  has  over-shadowed  his  own 
achievements  as  a  "colour  chemist"  by  his  subsequent  career,  the  whole 
success  of  his  life,  and  the  inestimable  gain  which  chemical  science  has 
derived  from  his  labours,  must  be  directly  attributed  to  his  industrial  under- 
takings, for  it  may  safely  be  asserted  that  had  he  not  been  rendered 
independent  by  the  success  of  the  Greenford  Green  Factory,  he  would  never 
have  found  an  opportunity  for  that  continuous  devotion  to  research  which 
is  so  essential  for  the  achievement  of  results  of  lasting  value.  Having 
determined  in  early  life  to  adopt  chemistry  as  a  career,  he  would  of 
necessity  have  been  compelled  to  become  either  a  manufacturer  or  to  have 
entered  an  educational  establishment.  In  the  former  capacity  he  would, 
no  doubt,  have  succeeded,  but  in  any  subordinate  post  he  miglit  have  spent 
long  years  before  acquiring  independence.  As  a  teacher  his  prospects  of 
making  a  position  at  the  time  of  his  connection  with  the  Royal  College 
of  Chemistry  were  most  slender.  There  were  but  very  few  posts  which  he 
could  have  filled;  originality  as  an  investigator  was  of  minor  importance 
as  a  qualification  for  the  teaching  profession,  and  the  stamp  of  university 
training  was  generally  considered  absolutely  essential  for  holding  any 
important  appointment  in  that  profession.  Perkin  in  any  minor  teaching 
post  would  have  been  lost  to  science.  Happily  the  comparatively  rapid 
financial  success  of  his  early  discoveries  placed  him  in  that  category  which 
comprises  such  names  as  Cavendish,  Herschel,  Joule,  Murchison,  Spottis- 
woode,  Lyell,  and   Darwin — representatives   of   that   band   of  independent 

♦  *Chera.  Soc.  Trans.,'  1882,  vol.  41,  p.  363. 

"*•  For  example,  the  constitution  of  mauvelne  was  established  broadly  by  O.  Fischer 
and  Hepp  about  1880 ;  that  of  the  colouring  matters  of  the  rosaniline  group  (magenta, 
methyl  violet,  etc.),  by  £.  and  O.  Fischer,  about  1878,  and  that  of  safranine  about  1883 
by  NietzkL 
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devotees  of  science  who  have  more  than  any  other  class  helped  to  niaintaiii 
the  prestige  of  this  country.  Truly  may  it  be  said  that  to  a  man  of  hia 
temperament  success  as  a  manufacturer  meant  isalYatirm  as  an  origmal 
worker. 

KeWewing  Perkin'e  scientific  work  as  a  whole,  its  cliief  characteristic 
is  its  solidity.  His  mind  was  not  of  that  order  which  readily  enteral 
into  the  legion  of  speculation ;  he  was  a  typical  representative  of  that 
Bcliool  of  chemists  to  whom  the  conscientious  accuracy  of  experimental  fact* 
ia  of  primary  importance— the  school  which  has  laid  those  soli*!  fouodationi 
of  chemical  science  upon  which  all  superstructures  of  tlieory  must  l*d 
erected.  It  is  for  this  reaaon  that  it  may  be  predicted  with  certainty 
that  his  work  will  live  in  the  history  of  modern  chemistry  wljalever 
changes  in  theoretical  conceptions  the  fnture  may  have  iu  store.  He 
himself  witnessed  with  the  progress  of  the  science  radical  changes 
in  the  views  of  chemists  concerning  the  mechanism  of  the  reactions  or 
the  nature  of  the  compounds  which  he  bad  discovered.  With  trut 
philosophic  s|>itit  he  accepted  the  evidence  of  other  workers  and  welconimi 
the  legitimate  development  of  his  own  discoveries.  Whatever  modification  of 
theory  may  have  been  rendered  necessary  i>y  the  accumulated  labours  of  ilie 
great  and  ever-growing  army  of  investigators  which  he  lived  to  see  following; 
the  tracks  which  he  had  been  the  tirst  to  tread,  it  may  safely  be  asserted  that 
his  own  early  footprints  have  been,  and  always  will  he,  ineflfiiceablc. 

Perkin  was  by  disposition  a  man  of  extreme  modesty  and  of  a  most  retirinjf 
nature.  Tlis  devotion  to  science  and  the  domestirity  nf  his  cliaracU^r 
accounted  so  completely  for  his  time  tliat,  beyond  participating  in  the  adminis- 
trative work  of  the  scientific  societies  with  which  he  was  connected,  he  took  but 
little  part  in  extraneous  affairs.  He  was  not  particularly  of  a  business  turn  of 
mind  in  the  commercial  sense,  and  during  his  industrial  career  his  brother 
Thomas  was  the  chief  man  of  business  connected  with  the  factory.  One  line 
of  work  distinct  from  his  purely  scientific  occupations  is,  however,  worthy  of 
special  record,  because  it  enabled  him  to  exert  some  influence  iu  the  cause  of 
technical  and  scientific  education.  His  family  had  for  a  long  period  been 
connected  with  the  Leathersellers'  Company,  and  through  this  connection  he 
was  enabled  to  promote  the  cause  of  chemical  research  and  also  to  become,. 
as  tlie  representative  of  his  Company,  a  member  of  the  governing  body  of  the 
City  and  Guilds  of  London  Institute,  whose  meetings  he  attended  with  con- 
siderable regularity,  although,  unless  specially  appealed  to,  he  seldom  took 
part  in  the  discussions  at  the  Council  table.  But  his  influence  in  the  City  of 
London,  although  unobtrusive,  was  of  a  most  beneficial  character,  and  every 
movement  for  the  promotion  of  science  and  of  scientific  education  was  certain 
to  receive  his  support.  His  special  knowledge  of  the  requirements  of  the 
chemical  technologist  and  his  synipathy  with  the  teaching  staffs  have  contri- 
buted in  no  small  degree  to  promote  the  cause  of  sound  chemical  education  in 
London  through  the  City  and  Guilds  Institute.  As  an  illustration  of  the 
modesty  of  his  character,  it  may  be  of  interest  to  relate  that  many  of  his 
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colleagues  in  the  City  were  unaware,  until  the  Jubilee  of  1906,  that  the 
William  Perkin  who  sat  at  their  meetings  was  the  same  man  who,  half  a 
century  before,  had  laid  the  foundations  of  a  great  industry.  The  following 
details  concerning  his  connection  with  the  Leathersellers  have  been  supplied 
by  the  late  Mr.  W.  Arnold  Hepburn,  the  Clerk  to  the  Company : — 

"  William  Henry  Perkin,  son  of  George  Fowler  Perkin,  was  made  free 

by  patrimony,  November  13,  1861. 
"  Greorge  Fowler   Perkin,   son   of  Thomas  Perkin,  was  made   free   by 

patrimony,  February  4,  1829. 
"  Thomas  Perkin,  apprenticed  to  Isaac  Roberts,  March  16, 1772,  was  made 

free  by  servitude,  July  7,  1790. 
"William    Henry    Perkin    served    the    office     of     Steward,    1881-2; 

4th  Warden,  1885-6  ;  2nd  Warden,  1895-6  ;  Master,  1896-7. 
"  During  the  Mastership  of  Dr.   Perkin  in  1896  the  Company,  at  his 

instance,  resolved  to  found  a  Research  Fellowship  in  Chemistry  as 

applied  to  Manufactures,  tenable  at  the  Central  Technical  College 

of  the  City  and  Guilds  Institute,  and  to  grant  £150   a  year  in 

support  thereof." 

A  portrait  of  Perkin  in  his  robe  as  LL.D.  of  the  University  of  St.  Andrews, 
painted  by  Henry  Grant  in  1898,  is  on  the  wall  at  the  Leathersellers'  Hall 
in  St.  Helen's  Place. 

Although  his  single-minded  devotion  to  his  researches  and  his  retiring 
nature  caused  Perkin  to  remain  in  compamtive  obscurity  from  the  point  of 
view  of  the  general  public,  his  real  worth  was  well  known  to,  and  received 
frequent  recognition  from,  his  scientific  colleagues.  In  this  respect  his  history 
is  that  of  the  majority  of  active  workers  in  the  field  of  science  in  this  country 
who  do  not  wield  the  pen  as  littSratcurs,  or  whose  achievements  are  not  of  a 
sufficiently  startling  kind  to  create  public  notoriety.  With  the  passing  of 
the  generation  which  witnessed  the  interest  aroused  by  the  discovery  of 
mauve,  and  which  was  fanned  into  temporary  excitement  by  the  sensational 
accounts  circulated  by  the  newspapers  of  the  period,  the  memory  of 
Perkin  faded  from  the  public  mind.  To  most  of  his  fellow  countrymen  the 
memorable  international  gathering  in  London  in  1906  came  as  a  revelation 
that  they  could  claim  as  their  compatriot  the  man  whom  all  the  nations  had 
sent  their  representatives  to  honour  as  an  individual,  and  in  celebration  of 
the  fiftieth  anniversary  of  the  discovery  of  the  first  of  the  synthetic  dye- 
stuff's. 

Perkin  was  elected  into  the  Royal  Society  in  1866  ;  he  served  on  the 
Council  in  1879-81,  and  again  in  1892-94.  In  1893-94  he  was  made  one 
of  the  Vice-Presidents.  He  joined  the  Chemical  Society  in  1856,  served  on 
the  Council  in  1861-62,  and  in  1868-69  ;  was  Secretary,  from  1869  to  1883, 
and  President  from  1883  to  1885.  By  way  of  Academic  distinctions  he 
received  the  degree  of  Ph.D.  from  the  University  of  Wurzburg  in  1882 ;  the 
d^ree  of  LL.D.  from  the  University  of  St.  Andrews  in  1891 ;  and  was  made 
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a  D*Sa  of  Yictoria  University  in  1904.  In  connectiou  with  the  Jubilee  of 
1906,  the  University  of  Heidelberg  conferred  upon  him  the  degi-ee  of  PfaJ)*, 
the  Munich  Technical  High  School  awarded  him  the  diploma  of  Dr,  Ing»i 
and  the  same  year  the  Universitiee  of  Oxford  and  Leeds  gave  him  the  degree 
of  IXSc.  During  his  subsequent  visit  to  America  in  the  autumn  of  1906,  in 
connection  with  the  celebrations  organised  in  tliat  country,  lie  received  the 
degree  of  D.Sc.  from  Columbia  University,  and  LL.D  from  the  Johns 
Hopkins  University,  of  Baltimore,  the  latter  degree  having  been  most 
appropriately  conferred  by  his  chemical  colleague.   President   Ira  Rem  sen* 

He  was  President  oi  the  Society  of  Chemical  Industry  in  1884-85,  at 
the  time  of  his  death  was  President  of  the  Society  of  Dyers  and  Colourista,* 
and  had  recently  accepted  office  as  President  of  the  Faraday  S<K?ietj,  In 
1884  he  was  made  an  Honorary  Foreign  Member  of  the  German  Chemical 
Society.  Following  the  early  recognition  of  his  technological  work  by  the 
'*  Soci^t^  Industrielle  de  Mulhouse/'  already  referred  to,  he  received  from  the 
Royal  Society  a  Koyal  Medal  in  1870,  and  the  Davy  Medal  in  1889  ;  from  the 
Chemical  Society  the  Longstafl"  Medal  in  1888 ;  from  tbe  Society  of  Arts  the 
Albert  MedaJ  in  1890  ;  from  the  lustitution  of  Gas  Engineers  the  Birmiugham 
Medal  in  1892,  and  the  Gold  Medal  of  the  Society  of  Chemical  Industry  in 
1808*  At  the  Jubilee  Celebration  in  1906,  Professor  Emil  Fischer,  on  behalf 
of  the  Genuan  Chemical  Society,  presented  him  with  the  Hofmann  Medal,  and 
Professor  Hal  lev,  on  behalf  of  tbe  Chemical  Society  of  Paris,  with  the 
Lavoisier  Medal. 

The  influence  which  Perkm  has  exerted  upon  this  generation  is  not  to  be 
measured  solely  by  his  achievements  in  pure  and  applied  chemistry.  His 
life  was  noble  in  its  simplicity  and  his  single-minded  devotion  to  his  work,- 
combined  with  a  character  known  to  be  religious  in  the  highest  and  best 
sense  of  the  term,  will  bequeath  to  posterity  an  enduring  example  of 
humility  in  the  face  of  success  which  would  have  marred  many  men  of 
smaller  moral  calibre.  The  financial  success  of  his  early  manufacturing 
experience  was  turned  to  account  simply  as  a  means  of  advancing  science, 
and  no  distinction  which  he  ever  gained  throughout  a  career  which 
culminated  in  1906,  when  the  King  conferred  upon  him  the  honour  of 
Knighthood,  and  when  the  nations  of  the  world  assembled  to  render  him 
homage,  had  the  slightest  influence  upon  the  modesty  and  gentleness  of  his 
disposition.  It  was  his  personality  that  caused  him  to  be  revered  in  his 
domestic  circle,  and  to  be  beloved  by  all  who  enjoyed  the  privilege  of 
his  friendship.     Two  of  the  addresses  presented  at  the  jubilee  meeting  in 

*  In  honour  of  the  founder  of  the  industry  this  Society  has  established  a  Perkin 
Medal  "  for  inventions  of  striking  scientific  or  industrial  merit,  applicable  to,  or  connected 
with,  the  tinctorial  industries."  Parkin's  last  official  act  in  connection  with  this  Society 
was  to  accompany  a  (ieputation  to  the  Dyers'  Company  asking  the  latter  to  contribute 
towards  the  foundation  of  a  prize  foi*  the  encoui'agement  of  research  in  tinctorial 
chemistry.  The  American  Memorial  Committee  also  founded  a  Perkin  medal  for 
American  chemists  in  1906  in  connection  with  their  Jubilee  Celebration  in  New  York, 
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1906  give  striking  expression  to  the  universal  esteem  in  which  he  was  held 
as  a  man  :— 

"But  however  highly  your  technical  achievements  be  rated,  those  who 
have  been  intimately  associated  with  you  must  feel  that  the  example  which 
you  have  set  by  your  rectitude,  as  well  as  by  your  modesty  and  sincerity  of 
purpose,  is  of  chiefest  value."  (From  the  address  presented  by  the  Chemical 
Society.) 

•*  You  have  given  to  science  the  allegiance  of  a  noble  life,  and  you  have 
not  allowed  the  seductions  of  wealth  to  abate  the  loyalty  of  your  devotion  to 
truth  and  knowledge.  This  is  an  example  for  which  the  age  owes  you 
unstinted  thanks.  .  .  .  Amid  these  varied  activities  it  is  pleasant  to  know 
that  you  have  cultivated  the  full  humanity  of  life.  Music  and  art  have 
found  in  you  a  devoted  disciple,  and  in  the  family  and  social  relationship  of 
life  you  have  shown  that  science  gives  a  truer  interpretation  of,  and  a  deeper 
meaning  to,  all  that  is  sacred  and  good  in  the  heart  of  man."  (From  the 
address  presented  by  the  Society  of  Dyers  and  Colourists.) 

Perkin  was  twice  married,  his  first  Vife  being  a  daughter  of  the  late 
Mr.  John  Lisset ;  some  years  after  her  death  he  married  the  daughter  of 
Mr.  Herman  Mollwo.  Lady  Perkin,  three  sons,  all  of  whom  have  made 
their  mark  as  chemists,  and  four  daughters  survive.  Two  of  his  sons, 
William  Henry  and  Arthur  George,  were  elected  into  the  Royal  Society  in 
1890  and  1906  respectively,  and  it  was  always  a  source  of  great  satisfaction 
to  him  to  know  that  all  his  sons  were  following  in  his  footsteps.  In  his 
general  mode  of  life  Perkin  was  a  man  of  extreme  frugality,  robust  and 
active  to  the  last.  To  one  of  his  retiring  habits  the  strain  accompanying  the 
jubilee  celebrations  in  1906  and  the  subsequent  ordeal  of  his  American  tour 
must  have  been  considerable,  but  he  bore  all  the  excitement  and  fatigue 
without  the  least  indication  of  discomfort.  Literally  he  died  in  harness; 
a  few  months  previously  he  had  read  his  last  paper  before  the  Chemical 
Society,  and  he  was  looking  forward  to  being  able  to  resume  his  research 
work  quietly  and  uninterruptedly  after  the  distractions  of  1906.  The 
illness  which  brought  his  noble  and  useful  life  to  an  end,  which,  in  view 
of  his  activity,  cannot  but  be  regarded  as  premature,  did  not  at  first  reveal 
any  serious  symptoms.  The  writer  of  this  notice  was  with  him  a  lew  hours 
before  his  death,  and  although  he  complained  of  suffering  pain  he  spoke 
hopefully  of  his  condition  and  anticipated  being  soon  able  to  leave 
his  room.  The  illness  proved,  however,  to  be  more  serious  than  he  or  his 
family  were  aware  of ;  a  sudden  change  for  the  worse  occurred,  and  on 
July  14,  1907,  he  passed  away  in  perfect  peace  and  in  the  full  tide  of  well- 
won  honour. 

R  M. 
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H.  C\  RUSSELL,  1836—1907. 

Hkkuy  Csami^KBLAIKe  Russell,  a  son  of  the  Honourable  Eounie  Eussell,  was 
bom  in  1836  at  West  Maitiand,  New  South  Walea,  He  was  educated  at  tin* 
West  Maitland  Grammar  fc^chool,  and  graduated  at  tfie  Sydney  University  m 
1858,  obtaining  the  Ueas-Thomson  Beholarshi|i  for  ])hjsics  and  chemistry. 
On  leaving  the  university  he  became  assistant  at  the  Sydney  Observatory, 
and  in  ItJTO  waa  appointed  Government  Astrononjer,  a  post  he  occupied  till 
hLn  retLrement  In  1905. 

Astronomy  in  Australia  began  with  the  foundation  of  the  Paramatta 
Observatory  by  Sir  Thomas  Briflbane  in  1822.  Valuable  work  was  carried 
out  by  Dun  lop  aiui  Ilumker,  but  the  observalm-y  only  continued  in  operation 
for  a  short  tiuK\  and  was  dismantlcfl  in  1847.  For  ten  years  Australia  hiwi 
no  olmervatory,  Imt  shortly  aft4jr  the  arrival  of  Sir  W.  T.  lJt*nuison  [ift 
Govcrnor-Gcneral  of  New  South  Walui?,  £7000  was  set  apart  for  the  buildbj^ 
of  an  ai^tronomical  observatory  iu  the  coluny.  On  the  lulvic^^  of  Sir  Geoi^ 
Airy,  Mr.  W.  Scott,  Fellow  ami  itatbeniatical  Lecturer  of  Sidney  Sussei 
College,  Cambridge,  was  appointed  Government  Astronomer,  After  spending 
a  few  months  at  (f»t>enwich,  Mr.  Scott  arrived  at  Sydney  on  NovemWr  1, 
185(j.  He  ehose  the  lies^t  site  available  for  the  observatory,  on  tme  of 
the  many  headlands  projecting  into  Sydney  Harbour,  and  erected  a  good 
8tone  biiildiis^^  ronts lining  a  tninsit  room,  an  18-foot  dome,  and  a  towrr 
high  enough  for  the  tinje-ball  to  be  visible  from  the  greater  part  of  the 
harbour  and  the  city.  The  transit  instrument  was  an  old  one  which  had 
l)een  in  use  at  Paramatta,  but  a  good  equatorial,  with  a  7i^-inch  object- 
glass  by  Merz,  was  obtained  in  1860.  Mr.  Scott  resigned  in  1862,  and,  after 
a  few  months,  during  which  Mr.  Kussell  was  Acting  Director  of  the  observa- 
tory, was  succeeded  by  Mr.  Smalley,  wlio  was  Government  Astronomer  till  hi^ 
death  m  1870. 

Immediately  on  his  appointment,  in  1870,  Mr.  Ilussell  commenced  to 
reorganise  the  instrumental  equipment  of  the  observatory.  He  \vas  well  fitted 
for  this  task  by  his  meclianical  skill  and  inventiveness,  qualities  of  special 
value  in  a  country  where  the  tine  mechanical  work  required  in  the  manufacture 
of  scientific  instruments  was  then  practically  unknown.  The  observatory 
buildings  were  enlarged,  a  new  reversible  transit  circle,  with  an  object-glass 
of  6^  inches,  was  obtained,  and,  in  1871^,  a  large  equatorial,  with  an  object- 
glass  of  11^  inches.  The  mounting  of  this  instrument,  the  driving  clock,  and 
the  dome  containing  it  were  made  from  Mr.  Pusseirs  designs.  With  tliis 
instrument  a  large  number  of  valuable  observations  of  double  stars,  clusters, 
and  nebulaj  have  been  continuously  made  by  Mr.  Kussell  and  his  assistants. 

Preparations  for  observation  of  the  transit  of  Venus  in  1874  were  begun 
by  Mr.  Ptussell  in  1870,  as  the  favourable  position  of  the  eastern  coast  of 
Australia  for  observation  of   egress  made  it  desirable  that  as  extensive  a 
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programme  as  practicable  should  be  carried  out.  In  1872  the  Government  of 
New  South  Wales  voted  £1000  for  the  purpose,  and  with  this  sum  Mr.  Russell 
proceeded  to  equip  four  observing  stations.  Owing  to  the  short  time 
available,  many  of  the  instruments  were  made  in  the  colony,  the  more  delicate 
parts  under  the  direct  supervision  of  Mr.  Eussell.  The  observations  were, 
generally  speakin^r,  very  successful,  and  an  interesting  account  of  them  was 
published  by  Mr.  Kussell  in  1892. 

The  application  of  photography  to  astronomy  attracted  Mr.  Russell;  in 
1887  he  attended  the  Astrographic  Congress  at  Paris,  and  promised  the 
co-operation  of  the  Sydney  Observatory.  In  the  same  year  the  purchase  of  a 
photographic  objective  of  13  inches  aperture  was  sanctioned;  but  as  the 
moimting  could  be  made  in  Sydney  with  needful  accuracy,  it  was  arranged 
that  this  should  be  made  in  the  colony.  The  equatorial  mounting,  the  driving 
clock,  and  various  accessories  of  the  instrument  were  accordingly  made  from 
Mr.  Russell's  designs.  The  mounting  was  finished  in  1890,  before  the  object- 
glass  arrived  from  Europe,  and  the  interval  was  employed  in  taking  photo- 
graphs of  nebulae  and  other  interesting  objects  of  the  southern  skies  with  a 
Dallmeyer  portrait  lens  of  6  inches  aperture  and  32  inches  focus.  It  was 
found  that  in  the  neighbourhood  of  the  city  there  was  suflScient  diffused  light 
to  produce  fogging  when  long  exposures  were  given.  Accordingly,  at 
Mr.  Russell's  instance,  seven  acres  of  land  near  the  Pennant  Hills  were 
obtained  from  the  Government,  and  the  instrument  and  necessary  buildings 
were  erected  there. 

The  portion  of  the  Astrographic  Catalogue  undertaken  by  the  Sydney 
Observatory  extends  from  54°  to  62°  of  S.  declination.  This  work,  involving 
the  taking  and  measurement  of  1400  photographic  plates  and  the  observa- 
tion of  the  reference  stars  at  the  meridian  instrument,  was  actively  carried 
on  under  Mr.  Russell's  direction  till  the  time  of  his  retirement.  In  connec- 
tion with  this  work,  he  devised  an  electric  control  for  the  driving  clock  of  the 
equatorial  and  designed  a  machine  for  the  measurement  of  the  photographic 
plates. 

Mr.  Russell  was  interested  in  meteorology  no  less  than  in  astronomy.  At 
the  time  of  his  appointment,  in  1870,  there  were  in  New  South  Wales  less 
than  a  dozen  stations  where  meteorological  observations  were  made.  At  the 
time  of  his  retirement  he  had  increased  the  number  to  1800.  The  returns 
from  these  stations  were  compiled  and  analysed  at  the  observatory,  and 
published  ani^ually  under  the  title,  "  Results  of  Rain,  River,  and  Evaporation 
Observations  made  in  New  South  Wales."  In  conjunction  with  his  colleagues 
at  Melbourne  and  Adelaide,  telegraphic  exchanges  of  weather  reports  were 
organised,  and  these  were  utilised  by  him  for  the  issue  of  daily  weather 
forecasts.  These  predictions,  which  have  been  issued  since  1887,  are  stated 
to  be  correct  in  from  80  to  84  per  cent,  of  times,  and  are  of  special  value  in 
the  wheat-producing  districts  and  other  country  centres. 

In  1877  Mr.  Russell  published  an  exhaustive  treatise  on  the  climate  of 
New   South  Wales.      The  historical    part  of    this  work    presented  great 
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diffictilties,  "  the  facta  being  buried  under  a  thousand  times  their  bulk  of 
other  matter**'  Ftom  all  sources  available,  including  authorities  living  it 
the  time,  he  endeavoured  to  ascertain  meteorological  data  in  any  particular 
year  or  period  in  the  history  of  the  colony.  In  this  way  he  produced  a  work 
of  reference  on  the  droughts,  fiaode,  and  climatic  conditions  of  New  South 
Wales  from  the  times  of  tlm  first  settlers. 

In  these  researches  Mr-  Russell  was  auimatad  by  the  desire  to  discover  in 
meteorological  data  some  j;>eriod  which  would  connect  them  witli  coaiuical 
phenomena.  He  wrote  several  papers  on  Weather  Periodicity  and  considered 
he  had  found  evidence  for  a  cycle  of  19  years.  Whatever  views  he  taken 
of  this,  it  cannot  he  denied  that  his  papers  contain  much  valuable  systematiaed 
meteorological  information. 

In  1879  Mr.  Russell  communicated  to  the  Royal  Society  of  New  South 
Wales  a  short  paper  entitled  **  The  River  Darling  :  the  water  which  should 
pass  through  it"  He  predicted  the  occurrence  of  an  unlimited  supply  of 
good  water  in  the  Darling  district,  to  be  derived  from  the  vast  supplies  of 
rain  water  which  must  sink  into  the  ground  to  flow  at  some  lower  level. 
This  prediction  of  Mr.  Russell's,  made  at  a  time  when  nothing  was  known  of 
the  existence  of  artesian  water  iu  the  western  plains  of  New  South  Wales, 
was  made  iu  reliance  on  his  carefully  compiled  meteorological  data.  His 
colleague  in  tlie  University  of  Sydney,  Professor  David,  cites  this  as  an 
example  of  the  scientific  imagination  with  which  Mr,  Russell  was  gifted, 
leading  him  to  picture  results  which  followed  from  the  phenomena  he  was 
considering. 

Mr.  Russell  found  in  meteorology,  no  less  than  in  astronomy,  scope  for  his 
inventiveness.  The  electric  harograph,  the  recording  anemometer  and 
pluviometer  of  the  observatory  were  designed  and  largely  made  by  him. 
They  are  still  in  work  after  30  years  of  use. 

In  1888  Mr.  Russell  printed  and  distributed  papers  to  captains  of  vessels, 
with  instructions  that  after  the  date,  latitude,  and  longitude  had  been 
inserted,  they  should  be  sealed  in  bottles  and  allowed  to  drift.  A  number 
were  sooner  or  later  picked  up  and  forwarded  to  Mr.  Russell.  From  the  data 
thus  secured  he  deduced  results  as  to  the  velocity  and  direction  of  the 
currents  in  the  Southern  Ocean  and  particularly  round  the  Australian  coast. 
These  he  communicated  to  the  Royal  Society  of  New  South  Wales  in  a 
series  of  short  "  Current  Papers."  To  the  same  Society  he  contributed  two 
important  papers  on  Icebergs  in  the  Southern  Ocean.  The  measurement  of 
tides  was  also  taken  up  by  Mr.  Russell,  and  the  self-recording  tide  gauge  of 
Sydney  Harbour  was  made  from  his  design  in  1873. 

Although  Mr.  Russell's  scientific  interests  ranged  over  the  wide  fields  of 
astronomy,  meteorology,  and  physical  geography,  he,  nevertheless,  took  an 
active  part  in  educational  questions,  particularly  in  the  organisation  of 
technical  education  in  New  South  Wales.  At  the  time  of  his  death  he  was 
the  oldest  Fellow  of  the  Senate  of  the  University  of  Sydney  and  had  been 
Vice-Chancellor  in  the  year  1891.     He  was  four  times  President  of  the  Royal 
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Society  of  New  South  Wales  and  was  the  first  President  of  the  Australasian 
Association  for  the  Advancement  of  Science.  He  was  elected  a  Fellow  of 
the  Eoyal  Society  in  1886.  In  1890  he  was  created  Companion  of  the  Order 
of  St.  Michael  and  St.  George. 

Mr.  Eussell  had  a  severe  illness  in  1903,  from  the  eflTects  of  which  he  never 
entirely  recovered.  He  died  on  February  22,  1907,  and  leaves  a  widow,  four 
daughters  and  one  son. 

F.  W.  D. 


MINUTES  OF  MEETINGS.— SESSION   1907-8. 

November  7.  1907. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  papers  were  read : — 

I.  "  The  Effect  of  Pressure  upon  the  Arc  Spectra  of  Metals."  By 
W.  Geoffrey  Duffield.  Communicated  by  Professor 
Schuster,  F.R.S. 

II.  "The  Electric  Discharge  in  Monatomic  Gases."  By  F.  Soddy 
and  T.  D.  Mackenzie.  Communicated  by  Professor  Larmor, 
Sec.  R.S. 

III.  "  The  Diurnal  Variation  of  Terrestrial  Magnetism."    By  Professor 

A.  Schuster,  F.R.S. 

IV.  "On  the  Measurement  of  Temperatures  in  the   Cylinder  of  a 

Gas  Engine."    By  Professor  H.  L.  Callendak,   F.R.S.,  and 
Professor  W.  E.  Daley. 

V.  "  Note  on  the  Association  of  Helium  and  Thorium  in  Minerals." 
By  the  Hon.  R.  J.  Strutt,  F.R.S. 

VI.  "Further  Results  of  the  Experimental  Treatment  of  Trypano- 
somiasis in  Rats."  (Progress  Report  of  Sleeping  Sickness 
Committee  of  the  Royal  Society.)  By  H.  G.  Plimmer  and 
J.  D.  Thomson. 


November  14.  1907. 

Professor  DAVID  FERRIER,  Vice-President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

Mr.  S.  H.  Burbury,  Dr.  A.  E.  H.  Tutton,  and  Mr.  H.  B.  Woodward 
were  elected  Auditors  of  the  Treasurer's  accounts  on  the  part  of  the 
Society. 

In  pursuance  of  the  Statutes,  notice  of  the  ensuing  Annirersary 
Meeting  was  given  from  the  Chair.    . 

The  following  papers  were  read  y — 

I.  "  On  the  Cranial  and  Facial  Characters  of  the  Neandertal  Race.*^ 
By  Professor  W.  J.  Solijls,  F.R.S. 


u 

11.  *'Somc  Feiitiires  in  the  Hereditary  Transmiflaion  of  tlie  Self-bkck 
md  th©  '  Irish  '  C<^t  Chanwrters  in  Eatfi."  By  G.  P.  MutiGE. 
Communicated  by  Dr.  A.  U  WALT.EB,  F.ILa 

IIL  '*0n  the  Inheritance  of  Eje^olour  in  Man."  By  C*  C  Hu^* 
Coranmnieated  by  W-  BatbsON,  F.RS. 

rV^.  **Oii  the  H6ffil)£  of  Crossing  Round  with  Wrinkled  Pea*,  with 
espccTiuI  refotencti  to  their  Starch  Graiiis,"  By  A-  D, 
DjVfinf^HlRE.      CommtinicAteii   by   Professor  J.   R  Fahmmr, 

FJi.H, 

T.  **0a  the  Rate  of  Elimination  of  Chloroform  from  the  Blood  after 
.Vnff^sthtiBia.**  By  G.  A-  Buckmasteb  and  J.  A.  CtARBNEH. 
Communicated  by  l>r.  A,  D.  Waller,  F.ILS. 

Vl.  "  Iinplantjition  of  Actively  Proliferating  Epitheliiim-"  By  Dr.  J.  O- 
^VAKELIN  Barratt.  Commimicated  by  Profeasor  C,  K 
8nKKRtNcm>?*,  F,RA 


AWmtcr  21. 1907, 

LORD  RAVLEIGH,  O.M.,  D-QU  President,  in  the  Chuir 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

In  pursiiiince  of  the  Statutes,  notice  of  the  ensuing  Anniversary 
Meeting  was  given  from  the  Chair,  and  the  list  of  the  Officers  and 
Council  for  the  ensuing  year  proposed  by  the  Council  for  election  was 
read  as  follows  : — 

President.— The  Right  Hon.  the  Lord  Rayleigh,  O.M.,  M.A.,  D.C.L. 

Treasurer. — Alfred  Bray  Kempe,  M.A. 


Secretaries.- 


r  Professor  Joseph  Larmor,  D.Sc,  D.C.L. ,  LL.D. 
■  LSir  Archibald  Geikie,  K.C.B.,  D.C.L.,  Sc.D.,  LL.D. 


Foreign  »SVr/*^/rt/y.— Professor  John  Rose  Bradford,  M.D.,  D.Sc. 

Otlier  Members  of  t/ie  Council. — Henry  Frederick  Raker,  Sc.D.  ;   the 
Right  Hon.    Arthur  James   Balfour,   D.C.L.  ;    Sir  William   Crookes, 
D.Sc. ;  Francis  Darwin,  M.B. ;  Sir  George  Howard  Darwin,  K.C.B. 
Professor  James  Cossar  Ewart,  M.D. ;  Professor  David  Ferrier,  M.D. 
Charles  Thomas  Hey  cock,  M.A. ;  Professor  Sydney  J.  Hickson,  D.Sc. 
Professor  eTohi)  Joly,  D.Sc. ;  the  Hon.  Charles  Algernon  Parsons,  C.B. 
Alexander   Scott,    D.Sc. ;    Albert  Charles   Seward,   M.A. ;    Professor 
Frederick  Thomas  Trouton,  Sc.D. ;   Augustus  D^sir^  Waller,  M.D. ; 
William  Whitaker,  B.A. 


Ul 

The  following  papers  were  read : — 

I.  "Kesults  of  the  Interaction  of  Mercury  with  Alloys  of  <jther 
Metals.**    By  Dr.  J.  W.  MALTjrr,  F.RS. 

II.  "  Note  on  the  Sensibility  of  the  Ear  to  the  Direction  of  Explosive 
Sounds."    By  A.  Mallock,  F.RS. 

III.  "On  the  Silver  Voltameter."  By  F.  E.Smith,  T.  Mather, 
F.R.S.,  and  Dr.  T.  M.  Lowry.  Part  I. — ^A  Comparison  of 
various  Forms  of  Silver  Voltameters,  by  F.  E.  Smith ;  and  a 
Determination  of  the  Electro-chemical  Equivalent  of  Silver, 
by  F,  K  Smith  and  T.  Mather,  F.R.S.  Part  IL— The  Chemistry 
of  the  Silver  Voltameter,  by  F.  E.  Smith  and  T.  M.  Lowry. 
Communicated  by  Dr.  Glazebrook,  F.RS. 

rV.  "On  the  Normal  Weston  Cadmium  CeU."  By  F.  E.  Smith. 
Commimicated  by  Dr.  Giazebrook,  F.RS. 

V.  "  On  a  Method  of  Depositing  Copper  upon  Glass  from  Aqueous 
Solutions  in  a  Thin  Brilliantly  Reflecting  Film,  and  thus  pro- 
ducing a  Copper  Mirror."    By  Dr.  F.  D.  Chattaway,  F.RS. 

VI.  "On  Luminous  Efficiency  and  the  Mechanical  Equivalent  of 
Light."  By  Dr.  C.  V.  Drysdale.  Communicated  by  Pro- 
fessor S.  P.  Thompson,  F.RS. 

VII.  "The  Dispersion  of  Double  Refraction  in  Relation  to  CrysUil 
Structure."  By  Dr.  T.  H.  Havelock.  Communicated  by 
Professor  Larmor,  Sec.  RS. 


k 


IV 


November  30,  1907. 

Anniversary  Meeting. 

Lord  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

The  Report  of  the  Auditors  of  the  Treasurer's  accounts  was  read, 
and  the  thanks  of  the  Society  were  given  to  the  Treasurer  and  to  the 
Auditors. 

The  List  of  Fellows  deceased  and  the  List  of  Fellows  elected  into  the 
Society  since  the  last  Anniversary  were  read. 

The  Report  to  the  Society  from  the  Council,  upon  the  work  during 
the  past  year,  was,  upon  the  motion  of  the  President,  received. 

The  President  delivered  his  Anniversary  Address. 

On  the  motion  of  Sir  William  Macewen,  seconded  by  Sir  W.  T. 
Thiselton-Dyer,  the  thanks  of  the  Society  were  voted  to  the  President 
for  his  address. 

The  Awards  of  the  Medals  for  the  year  were  announced  as  foUows, 
and  the  Medals  were  presented  from  the  Chair  : — 

The  Copley  Medal To  Professor  A.  A.  Michelson. 

A  Royal  Medal  „  Dr.  Ramsay  H.  Traquair. 

A  Royal  Medal  „  Dr.  E.  W.  Hobson. 

The  Davy  Medal „  Professor  E.  W.  Morley. 

The  Buchanan  Medal...  „  Mr.  W.  H.  Power. 

The  Sylvester  Medal ...  „  Professor  W.  Wirtinger. 

The  Hughes  Medal „  Professor  E.  H.  Griffiths. 

The  President  having,  with  the  consent  of  the  Society,  nominated 
Admiral  A.  M.  Field  and  Professor  A.  M.  Worthington  as  Scrutators, 
to  assist  the  Secretaries  in  examining  the  balloting  lists  for  the  election 
of  Council  and  Officer's,  the  votes  of  the  Fellows  present  were  taken. 
The  Scrutators  reported  that  the  Council  and  Officers  nominated  at 
the  preceding  meeting  had  been  duly  elected,  and  their  names  were 
accordingly  announced  from  the  Chair. 

The  thanks  of  the  Society  were  given  to  the  Scrutators. 


The  following  Fellows  were  proietit  aott  voted : — 


A.  W.  Akock. 

F.  8,  K]ppifig. 

C,  W,  Andrews. 

G,  W.  Lamplugb, 

H.  E.  Armstrong, 

K  R.  Lankester. 

W.  K  Ayrton. 

J,  Larmor, 

H,  F,  Baker, 

A.  K  H.  Love, 

A.  B.  Basset. 

W.  Maeewen, 

H.  T.  Brown. 

a  McLeod. 

T>.  Bruce, 

R  Meldolii. 

C.  Chree. 

A  Fedler. 

S.  Coponrnii. 

W.  J.  Pope, 

P.  H,  CowelL 

E,  B.  Poiilton. 

E,  W.  Cre^k, 

Riiyloigh. 

F.  Barwin, 

A.  W.  Riicker, 

G,  H,  DiirwiiL 

K  Rutherford, 

W.  Dudd^ll 

A  Scottu 

W.  R,  Dimatiuu 

D.  H,  Scott. 

F.  W.  DysoiK 

W,  N.  Shaw. 

J*  Evans. 

T,  R  K.  Stebbing. 

D.  Ferrier. 

S,  P.  Thompson. 

A,  M.  Field 

J.  L  ThornycrofL 

A  Gamgee, 

W.  A,  TUden, 

A.  Ooikie. 

R  H.  Traqualr. 

D.  Gill 

A.  E,  H.  Tutton, 

R  T.  Gbzebroot 

T,  H.  Veley. 

F.  Gotth. 

W.  H,  \^^hite. 

C.  E.  Groves. 

A.  K  Whitehead. 

W.  Hcape. 

H.  A.  Wilson. 

G,  J.  Hinde. 

W.  K  Wilson. 

H.  H.  Howorth. 

H.  B.  Woodward 

J.  H.  Jackson. 

A.  M.  Worthington. 

A.  B,  Konix>e. 

W.  H.  Yoimg. 

Deccmhci 

•  5,  1907. 

H 


Lord  RAYLEIGH,  O.M.,  D.C.L.,  President,  followed  by  Dr.  Ferrier, 
Vice-President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  Table,  and  thanks 
ordered  for  them. 

The     President     announced     that     he    had     appointed    as    Vice- 
Presidents — 

The  Treasurer. 
Sir  William  Crookes. 
Mr.  Francis  Darwin. 
Dr.  Ferrier. 


VI 

Professor  Michelson   (Copley   Medallist)  gave  a  demonstration  of 
some  optical  experiments. 

The  following  Papers  were  read : — 

I.  "Reciprocal  Innervation  of  Antagonistic  Muscles,  11th Note. — 
Further  Observations  on  *  Successive  Induction.'"  By 
Professor  C.  S.  Sherrington,  F.R.S. 

II.  "On  the  Distribution  of  the  Different  Arteries  Supplying  the 
Human  Brain."  By  Dr.  C.  E.  Beevor.  Communicated  by 
Professor  D.  Ferrier,  F.R.S. 

ni.  "Localisation  of  Function  in  the  Lemur's  Brain."  By  Dr. 
F.  W.  MoTT,  F.R.S.,  and  Professor  W.  D.  Halliburton, 
F.R.S. 

rV.  "On  the  Supposed  Extracellular  Photosynthesis  of  Carbon 
Dioxide  by  Chlorophyll."  By  Professor  A.  J.  Ewart. 
Communicated  by  Professor  J.  B.  Farmer,  F.R.S. 

V.  "The  Influence  of  Increased  Barometric  Pressure  on  Man. 
No.  4. — The  Relation  of  Age  and  Body  Weight  to  Decom- 
pression Effects."  By  L.  Hill,  F.R.S.,  and  M.  Green- 
wood, Junr. 

VI.  "On  the  Present  Distribution  and  Origin  of  the  Calcareous 
Concretions  in  Coal  Seams  known  as  *Coal  Balls.'"  By 
Miss  Stopes  and  D.  M.  S.  Watson.  Communicated  by 
J.  J.  H.  Teall,  F.R.S. 

Vn.  "  On  the  Structure  of  Sigillaria  Scutellata,  Brongn.,  and  other 
Eusigillarian  Stems,  in  Comparison  with  those  of  other 
Palaeozoic  Lycopods."  By  E.  A.  Newell  Arber  and 
H.  H.  Thomas.     Communicated  by  Dr.  D.  H.  Scott,  F.R.S. 


December  12,  1907. 

Lord  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  Table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "Further  Consideration  of  the  Stability  of  the  Pear-shaped 
Figure  of  a  Rotating  Liquid."  By  Sir  G.  H.  Darwin^ 
K.C.B.,  F.RS. 

11.  "  Preliminary  Note  on  the  Operational  Invariants  of  a  Binary 
Quantic."    By  Major  P.  MacMahon,  F.RS. 


UL  '*  The  Action  of  Ozone  on  Water-colour  Piginent^J'  By  Sir  W. 
Abney,  K.aB.,  F.KS. 

IV,  "On  Kinetic  SmbiUty/'    By  Professor  H.  Lajib,  F,R.S. 

y,  **  The  Absorption  Sf>ectra  of  the  Vapour  of  Benxene,  and  its 
Homologties,  at  different  Temperaturee  and  Presstires,  and 
Hkowise  of  Solutions  of  Benzene,"  By  Professor  W*  N» 
Hartley,  RKS. 

VL  **  The  Si>ectrura  of  Magnesium  and  of  the  Bo-ealled  Magnesium 
Hydride  aa  obtained  by  Spark  Dischargea  under  Keduced 
Pressure/*  By  E.  E.  Bhook^,  Gommunicitted  by  Sir  W. 
CROOKEii,  F.R.S- 

VII.  '*  Magnetic  Declination  at  Kew  01>aetTatory»  1890  to  1900," 
By  Dr.  C,  Chbke,  F.KS. 

VI IL  **Th6  Effects  of  Temperature  and  Pressure  on  the  Thermal 
Conductivities  of  Solids,  Part  II* — The  Effect  of  Low  Tem- 
peratures on  the  Theruiai  Conductivitiea  of  Pure  Metals  and 
Alloys."     By  Professor  C,  H/Lees,  KRS. 

IX.  ^*Qn  Exterior  Ballistics  (Ko,  Uy  By  Profesaor  G.  FORBESp 
F.RS. 

X.  "On  the  Scattering  of  the  ^Rays  from  Uranium  by  Matter." 
By  -J.  A.  CrowTBer.  Communicated  by  Professor  J,  J. 
Thomson,  F.R.S. 

The  Society  adjourned  over  the  Christmas  Vacation  to  Thursday, 
January  16,  1908. 


VIU 


January  16,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

In  pursuance  of  the  Statutes,  the  names  of  the  Candidates   for 
election  into  the  Society  were  read  as  follows  : — 


Adeney,  Walter  Ernest. 
Anderson,  Tempest. 
Arnold,  John  Oliver. 
Baly,  Edward  Charles  C3nril. 
Barlow,  Sir  Thomas. 
Barlow,  William. 
Barnes,  Rev.  Ernest  William. 
Barnes,  Howard  Turner. 
Bather,  Francis  Arthur. 
Beare,  T.  Hudson. 
Berkeley,  Earl  of. 
Blakesley,  Thomas  Holmes. 
Bolton,  Charles. 
Braithwaite,  Robert. 
Bruce,  John  Mitchell. 
Bulloch,  William. 
Chattock,  Arthur  Prince. 
Clerk,  Dugald. 
Cohen,  Julius  Berend. 
Cole,  Grenville  Arthur  James. 
Crompton,  Rookes  Evelyn  B. 
Cunningham,  Joseph  T. 
Dalby,  William  Ernest. 
Dean,  George. 
Dendy,  Arthur. 
Dixey,  Frederick  Augustus.  . 
Dixon,  Henry  H. 
Dixon,  Walter  Ernest. 
Donnan,  Frederick  George. 
Filon,  Louis  Napoleon  George. 
Forbes,  Henry  Ogg. 
Fox,  Francis. 
Gardiner,  John  Stanley. 
Garrod,  Archibald  Edward. 
Garwood,  Edmund  Johnston. 
Gowland,  William. 


Grace,  John  Hilton. 
Gray,  Thomas. 
Green,  Arthur  George. 
Hadfield,  Robert  Abbott. 
Hall,  Alfred  Daniel. 
Hamilton,  David  James. 
Harden,  Arthur. 
Hardy,  Godfrey  Harold. 
Harker,  John  Allan. 
Harmer,  Frederic  William. 
Hay  craft,  John  Berry. 
Hewitt,  John  Theodore. 
Hoyle,  William  Evans. 
Innes,  Robert  Thorbum  Ayton, 
Jones,  Humphrey  Owen. 
Jukes-Browne,  Alfred  John . 
Kerr,  John  Graham. 
Knott,  Cargill  Gilston. 
Lapworth,  Arthur. 
Leathes,  John  Beresford. 
Leishman,  William  Boog. 
Lewis,  William  James. 
Lockyer,  William  James  Stewart, 
Macdonald,  John  Smythe. 
McFadyean,  Sir  John. 
Maclaurin,  Richard  Cockbum. 
Major,  Charles  Immanuel  Forsyth, 
Marsh,  Howard. 
Mastcrman,  Arthur  Thomas. 
Matthey,  Edward. 
Maunder,  Edward  Walter. 
Morgan,  Gilbert  Thomas. 
Morley,  Frank. 
Morris,  Henry. 
Nevill,  Edmund  Neville. 
Oliver,  George. 


^^^^^^^^                      ^^^^^^^^^^B 

^H           Patau,  I>iarmid  ^tyikl                          Smltli»  James  Lorraiii.                                 ^ 

^H          Pembrcj^  Mamia  Seymoun              j  Blapf,  Otto. 

^H          Plimtner,  Hirnty  (k 

Stoney,  George  GerakL 

^H          Pooodt,  Itegitiftld  Imusit. 

Stronieyer,  Johaun  Phillip  E,  C. 

^1          Fomr.  AHt^  WUliaSL 

Swinton,  Alan  Archibald  Campbell 

^H          Prior,  George  Thitrknd 

Thorpe,  Jocelyn  Field 

^H           K^fullo,  Alfred  Barton. 

Treves,  Sir  Frederick, 

^H          Klvem,  William  Hniie  liivera* 

Vernon,  Horace  Midfileton. 

^H          Rogers,  Leonani 

Walker,  Jntnes. 

^H           Hii»#6ll,  Hod.  BertrHnd  A.  W. 

Willia,  John  Chri&topber, 

^H          Scharff,  Robert  Francis. 

WiUon,  Ernest, 

^H          Sclnter^  Willirttn  Ltitkj* 

Wilson,  James  Thom^«, 

^^1          HhjitUickf  Haniucl  Gi^^rgu. 

Yomjg,  Alfred  H. 

^^1               The  following  Paper*  ware  read : — 

^^^fe           I.  '' AltmmtG  Current  Me^ifiUrement;'      By  Dr.  W.  %  BmOVWOL            fl 

^^^H                    Commimicated  by  Professor  J.  Peaby,  F  li8,                                 H 

^^^1         H,  "F^OTiiiiDnfN!    and    Coronal    Strncture;'      By    Dr.    W,   J.    S*             H 

^^^1                    LoTK  Vkh,   Cominimirated  by  Sir  Norman  Lock  vEit,  K.C.B,,       ^^H 

^■^                                                                               ^H 

^H              TTL  " Tbc  Convenion  of  Diamond  into  Coke  in  Higb  Va<uum  by       ^^B 

^H                            Cathodi.  EaVB."     By  Hon.  C.  A,  PAfrftONs,  C.R,  F.KS,,  siid             ■ 

^y                          A.  A.  Campbell  S^^^toh.       ^HI^ 

IV.  "On  the  Perception  of  the  Direction  of  Sound.'     By  Professor 
C.  S.  MvEiis  and  Professor  H.  A.  AVilson,  F.K.S^ 

V.  "  Preliminary  Note  on  Certain  Phenomena  of  the  P'.lcctric  Dis- 
c barge  through  Rarefied  Nitrogen."  By  Dr.  G.  J.  BuRCH, 
F.K.S.,  J.  K.  Marsh,  F.Pt.S.,  and  R.  de  J.  F.  Strither.s. 


Jammri/  2:;,  1908. 

LORD    RAYLLIGH,    O.iM.,    D.C.L.,   President,   followed   by 
Sir  WILLIAM  CROOKES,  Vice-President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read  : — 

I.   "  The  Charges   on    Positive  and  Negative  Ions  in  Gases.''     By 
Professor  J.  S.  Towxsend,  F.R.S. 

n.  "  Report  on  the  iM'uptions  of  the  Soufricre  in  St.  Vincent  in 
1902  and  on  a  Visit  to  Montague  Pelee  in  Martinique. 
Part  n. — The  Changes  in  the  Districts  and  the  Subsequent 
History  of  the  Volcanoes."  By  Dr.  T>3IPE.st  Anderson. 
Communicated  by  Professor  T.  G.  Bonney,  F.R.S. 


III.  "  Petrographical  Notes  on  the  Products  of  the  Eruptions  of 

May,  1902,  at  the  Soufri^re  in  St.  Vincent."    By  Dr.  J.  S. 
Flett.    Communicated  by  H.  B.  Woodward,  F.E.S. 

IV.  "  On  the  Intimate  Structure  of   Crystals.     Part  VI.— Titanic 

Oxide,  its  Polymorphs  and  Isomorphs."    By  Professor  W.  J. 
SOLLAS,  F.R.S. 

V.  "Dietetics  in  Tuberculosis;  Principles  and  Economics."  By 
Dr.  N.  D.  Bardswell  and  J.  E.  Chapman.  Communicated 
by  Sir  T.  Clifford  Ali.butt,  K.C.B.,  F.RS. 

VI.  "  The  Origin  and  Destiny  of  Cholesterol  in  the  Animal 
Organism.  Part  L — On  the  So-called  Hippocoprosterol." 
By  C.  DoREE  and  J.  A.  Gardner.  Communicated  by  Dr. 
A.  D.  Waller,  F.RS. 


Jmrnary  30,  1908. 

LORD  BAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "  On  the  Observation  of  Sun  and  Stars  made  in  some  British 
Stone  Circles.  Third  Note. — The  Aberdeenshire  Circles." 
By  Sir  Norman  Lockyjer,  K.C.B.,  F.RS. 

II.  "  On  the  Non-periodic  or  Residual  Motion  of  Water  moving  in 
Stationary  Waves."  By  Mrs.  Ayrton.  Communicated  by 
Professor  J.  H.  Poynting,  F.RS. 

III.  "  The  Refractive  Index  and  Dispersion  of  Light  in  Argon  and 

Helium."  By  W.  Burton.  Communicated  by  Professor 
J.  J.  Thomson,  F.RS. 

IV.  "On   the  Generation  of   a  Luminous   Glow  in  an  Exhausted 

Receiver  moving  near  an  Electrostatic  Field,  and  the  Action 
of  a  Magnetic  Field  on  the  Glow  so  produced."  By  the 
liev.  F.  J.  Jervis-Smith,  F.RS. 
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Febniury  6,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of.  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  road  : — 

L  "  On  the  Weight  of  Precipitum  obtainable  in  Precipitin  Inter- 
actions with  Small  Weights  of  Homologous  Protein."  By 
Professor  D.  A.  Wei^jh  and  H.  G.  Chapman.  Communicated 
by  Dr.  C.  J.  Martin,  F.R.S. 

IL  "  Nitrification  in  Acid  Soils."  By  A.  D.  Hall,  N.  H.  J.  Miller, 
and  C.  T.  Gimingham.  Communicated  by  Professor  H.  E. 
Armstrong,  F.R.S. 

in.  **  A  Criticism  of  the  Opsonic  Theory,  based  upon  Studies  carried 
out  by  means  of  Melaniih"  By  S.  G.  Shattock  and  L.  S. 
Dudgeon.  Communicated  by  Professor  J.  Rose  Bradford, 
For.  Sec,  R.S. 

IV.  "  A  Contribution  to  the  Study  of  the  Mechanism  of  Respiration, 
with  especial  reference  to  the  Action  of  the  Vertebral 
Column  and  Diaphragm."  By  J.  F.  Halls  Dally.  Com- 
municated by  Sir  T.  Clifford  Allbutt,  K.C.B.,  F.R.S. 


February/  13,  1908. 
LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "The  Constitution  of  the  Electric  Spark."    By  T.  Royds.     Com- 
municated by  Professor  A.  Schuster,  F.R.S. 

II.  "On  the  Determination  of  Viscosity  at  High  Temperatures."  By 
Dr.  C.  E.  Fawsitt.  Communicated  by  Professor  A.  Gray, 
F.R.S. 

III.  "The     Effect    of    Hydrogen    on    the    Discharge    of     Negative 

Electricity  from  Hot  Platinum."  By  Professor  H.  A.  Wilson, 
F.R.S. 

IV.  "  The  Decomposition  of  Ozone  by  Heat."     By  Dr.  E.  P.  Perman 

and  R.  H.  Greavp:s.      Communicated   by  Professor  E.  H. 
Griffiths,  F.R.S. 


zii 
Fthrumij  20,  1908, 

A  List  of  Ulo  Preeenta  receivod  was  laid  on  tha  Uiblo,  and  thanks 
^erad  for  tfaem. 

The  foUowiog  Papere  were  read  : — 

L  *^  Notes  on  the  Applimtion  of  Low  Teiu|>eriitures  to  some 
Chemicfd  Pmbleme.  \. — Uae  of  Charcoal  in  Vapour 
Density  l>etertui nations,  H.^Botfttory  Power  af  Organie 
Substances/'      By  Sir  James  Dewab,  P,E.S»,  and  Dr.  H.  0. 

IL  *•  On  the  Oamotic  Pressure  of  Conapres«il>le  Solutions  of  any 
Degree  of  Concentration.  Part  II. — Casee  in  which  both 
^Ivent  and  Solute  arc  Volatile."  By  A.  \V.  Pokter.  Com- 
raunicat«d  by  Profajwor  F.  T.  Trquton,  F.K-B, 

in»  *'  Eff<s(;le  of  Self  induction  in  :in  Iron  Cylinder  w^hen  Traversed 
by  Alternating  Currents,"  By  Professor  PIbnest  Wiii^QNt 
CommunicaUnl  by  Sir  >V.  H.  PuKKCK,  K.C.B.,  F.E,8. 

IV-  "On  the  fiefractivo  Indices  of  Gh«oous  Nitric  Oxidep  Snlphnr 
IMoxide,  and  Sulphur  Trioxide."  By  C.  Ct^THBEETsnK  and 
K.  R  MKTf^ALVK,  Comiuunieftted  by  Profeaaor  F.  T.  TitouT«JN, 
F,K,S, 

V.  "  (3n  the  Dispersion  of  Gaseous  Mercury,  Sulphur,  Phosphorus, 
and  Helium."  By  C.  Cuthbektsox  and  E.  P.  Mktcalfk. 
Comnuuiicated  by  Professor  F.  T.  Tkouton,  F.R.S. 


February  27,  1908. 
Mr.  FRANCIS  DARWIN,  Vice-President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read  : — 

I.   "The   Influenct?  of  Temperature  on    Phagocytosis."     By  J.  C.  G. 
LEDiN^iHAM.     Communicated  l»y  C.  J.  Martin,  F.R.S. 

II.  "The  (Glycogenic  Changes  in  the  Placenta  and  the  Fo^us  of  the 
Pregnant  Itiibhit.  -A  Contribution  to  the  Chemistry  of 
Growth."  By  J.  Lochiiead  and  W.  Cramer.  Communicated 
by  Professor  K.  A.  Schafer,  F.R.S. 

III.  "(Jri  the  Maturation  of  the  Ovum  in  the  Guinea-pig."  By 
Professor  J.  K.  S.  MooRK  and  Miss  F.  ToZER.  Communicated 
bv  Piofessor  J.  B.  Farmer,  F.R.S. 
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March  5,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

In  pursuance  of  the  Statutes,  the  names  of  the  Candidate^  recom- 
mended by  the  Council  for  election  into  the  Society  were  read  from  the 
Chair  as  follows  : — 


Barlow,  William. 
Berkeley,  Earl  of. 
Clerk,  Dugald. 
Dendy,  Arthur. 
Dixon,  Henry  H. 
Gardiner,  John  Stanley. 
Gowland,  William. 


Grace,  John  Hilton. 
Hamilton,  David  James. 
Major,  C.  Immanuel  Forsyth. 
Nevill,  Edmund  Neville. 
Rivers,  William  Halse  Rivers. 
Russell,  Hon.  Bertrand  A.  W. 
Stapf,  Otto. 


Thorpe,  Jocelyn  Field. 

Dr.  T.  E.  Thorpe  described  to  the  Society  the  results  of  his  further 
observations  on  the  Atomic  Weight  of  Radium  in  continuation  of  the 
account  presented  to  the  Society  in  the  Bakerian  Lecture  delivered 
June  20,  1907. 

The  following  Papers  were  read: — 

I.  "  On  the  Electrical  Resistance  of  Moving  Matter."    By  Professor 
F.  T.  Trouton,  F.R.S.,  and  A.  0.  Rankine. 

II.  "On  the  Nature  of  the  Streamers  in  the  Electric  Spark."  By 
Dr.  S.  R.  MiLNER.  Communicated  by  Professor  W.  M.  HiCKS^ 
F.R.S. 

III.  "  The  Relation  between  Wind  Velocity  at  1000  Metres  Altitude 
and  the  Surface  Pressure  Distribution."  By  E.  GoiJ).  Com- 
municated by  Dr.  W.  N.  Shaw,  F.R.S.  ' 


March  12,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "  Description  of  the  Brain  of  Mr.  Charles  Babbage,  F.RS."    By 
Sir  Victor  Horsley,  F.R.S. 


IL  "  The  Origin  and  Destiny  of  Cholesterol  in  the  Animal  Organifiiu. 
Part  IL— The  Excretion  of  Cholesterol  hy  the  Dog."  By 
C.  DoREE  and  J.  A.  CtARDNEE,     Communicated  by  Dr.  A.  D, 

IIL  "  On  liedprocol  Innervation  in  Vaso-motor  Eeflexes  and  the  Action 
of  Strychnine  and  of  Chloroform  thereon*"  By  Dr.  W.  M, 
Bayuss,  F.R.S. 

IV.  "Bactem  ns  Agents  in  the  Oxidjition  of  Amorphous  Carbon," 
By  Professor  M.  C,  Potter.  Communicated  by  Professor  J.  R 
Pabmer,  F.RS. 

V*  **  The  Life-biiitory  of  Trvpanmoma  etpiipa'dum.^^  By  Professor  J.  E* 
Salvin'-Moorb  and  Anton  Breinl.  Communicated  by  Sir 
EUBERT  BoycKj  F.11.S* 


Mm^h  19,  190a 

LORD  EAYLEIGH,  0,M,,  D.CL,,  President,  in  the  Chair. 

^A  List  of  the  Presents  received  was  laid  on  the  table*  and  thanks 
ordered  for  them. 

The  following  Papers  were  read  : — 

I.  '*  On  Vapour- Pressure  and  Osmotic  Pressure  of  Strong  Solutions." 
By  Professor  H.  L.  Callendar,  F.R.S. 

II.  "  On   Secondary  /3-Rays."      By  Professor  J.  A.   McClelland. 
Communicated  hy  Professor  J.  JoLY,  F.R.S. 

III.  **  On    the   Measurement  of   the  Atmospheric   Electric  Potential 

Gradient  and  the  Earth-Air  Current."     By  C.  T.  R.  Wilson, 
F.R.S. 

IV.  "  Note   on    the   Trajectories   of    Rifled   Projectiles   with   various 

Shapes  of  Head."     By  A.  Mallock,  F.R.S. 


March  26,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 


XV 

The  Bakerian  Lecture — "On  the  Thermal  and  Electrical  Coii- 
ductmties  of  Metals  and  Alloys  at  Low  Temperatures  " — was  delivered 
by  Professor  C.  H.  Lees,  F.R.S. 

The  following  Papers  were  read : — 

L  "Comparison  of  the  Board  of  Trade  Ampere- Stand^ird  Balance 
\vith  the  Ayrton-Jones  Current- Weigher ;  with  an  Appendix 
on  the  Electromotive  Forces  of  Standard  Cells."  By  T.  Mather, 
F.R.S.,  and  F.  E.  Smith.  || 

IL  "  Note  on  the  Ascent  of  Meteorological  Balloons  and  the  Tempera- 
ture of  the  Upper  Air."    By  A.  Mallock,  F.R.S. 
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AprU  2, 1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 


The  following  Papers  were  read : — 

L  "  Complete  Survey  of  the  Cell  Lamination  of  the  Cerebral  Cortex 
of  the  Lemur."  By  Dr.  F.  W.  Mott,  F.R.S.,  and  Miss 
A.  M.  Kelley. 

IL  "  The  Alcoholic  Ferment  of  Yeast-juice.  Part  IIL — The  Function 
of  Phosphates  in  the  Fermentation  of  Glucose  by  Yeast-juice.*' 
By  A.  Harden  and  W.  J.  Young.  Communicated  by  Dr. 
C.  J.  Martin,  F.R.S. 

IIL  "  Studies  on  Enzyme  Action.  XI. — The  Hydrolysis  of  Raffinose. 
XII. — Emulsin."  By  Professor  H.  E.  Armstrong,  F.R.S., 
and  others. 

The    Society   adjourned    over    the    Easter    Recess   to    Thursday, 
April  30. 


ApHl  30,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "On  Scandium."     By  Sir  W1TJ.IAM  Crookes,  F.R.S. 

II.  "  Note  on  the  Representation  of  the  Earth's  Surface  by  means  of 
Spherical  Harmonics  of  the  First  Three  Degrees."  By 
Professor  A.  E.  H.  Love,  F.R.S. 

III.  "  On   the   Hysteresis   Loss   and  other  Properties  of  Iron  Alloys 

under  very  Small  Magnetic  Forces."  By  Professor  K  WllJSON, 
V.  H.  WiNSON,  and  G.  F.  O'Dell.  Communicated  by 
Sir  W1LUA.AI  H.  Preece,  K.C.B.,  F.R.S. 

IV.  "  The  Relation  between  the  Crystalline  Form  and  the  Chemical 

Constitution  of  the  Picryl  Derivatives."  By  G.  Jerusalem 
and  Professor  W.  J.  Pope,  F.R.S. 


rvii 

T.  "  The  Conrleneadon  of  certain  Organic  Vapours,"  By  T.  H.  La  by. 
Communicated  bj  Professor  J.  J.  TUOSISON,  RR.S, 

YI.  *'  A  PhotogTftpliic  Determinfltion  of  tbe  Elements  of  the  Orbits 
of  Jupiter's  Satellitea/'  By  B.  Cooksdx.  Communicated  by 
H-  F,  NE^VAIX,  RR.S. 


May  7, 1908. 

Annual  Meeting  for  the  Election  of  Felbira. 

LORD  RAYLEIGH,  O.M.,  D.GL.,  President,  in  the  Chair, 

The  Htatutee  relating  to  the  Election  of  Fellows  having  been  read, 
Mr,  Edward  Saunders  and  the  Hon,  Roljert  John  Strutt  were,  with 
the  coment  of  the  Society,  nominated  Sciiitators,  to  assist  the 
Seoretanea  in  the  examination  of  the  balloting  lists. 

The  votea  of  the  FelloM's  present  were  collected,  and  the  following 
Candidates  were  declared  duly  elected  into  the  Society : — 


Bjirlo'w,  William* 
Berkeley,  Earl  of. 

Clerk,  Ihigald, 
Dendy,  Arthur, 
BixoHj  Henry  Horatio, 
Gardiner,  John  Stuuley, 
Gowdanilj  William, 
(4  nice,  John  Hilton. 


Hamilton,  David  James. 

Major^  Charles  Immanuel  Forsyth. 

Nevill,  Edmund  Xeville, 

Pavers,  William  Halse  Rivers, 

RuBi=olI,  lion,  Bert  rand  Arthiu-  W. 

Stapf,  Otto. 

Thorpe,  Jocelyn  Field. 


Thanks  were  given  to  the  Scrutators. 


May  7,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read  : — 

I.  ''Helium   and   Radio-activity  in   Rare   and  Common    Minerals." 
By  Hon.  R.  J.  Strutt,  F.R.S. 

II.  ''The  Action  of  Resin  and  allied  Bodies  on  a  Photographic  Plate 
in  the  Dark."     By  Dr.  W.  J.  Russell,  F.R.S. 
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III.  "  Seleno- Aluminium  Bridges."      By   Professor  G.  M.  MiNCHiN, 

F.R.S. 

IV.  "A  Tantulum  Wave-detector,  and  its   Application  in  Wireless 

Telegraphy  and  Telephony."      By  L.  H.   Walter.      Com- 
municated by  Professor  J.  A.  Ewing,  C.B.,  F.RS. 

V.  "  Percentage  of  the  Inactive  Gases  in  the  Atmosphere :  a  Correc- 
tion to  Previous  Calculations."  By  Sir  William  Eamsay, 
F.RS. 

VI.  "  On  the  Use  of  Iridium  Crucibles  in  Chemical  Operations."    By 
Sir  William  Crookes,  F.RS. 


May  14,  1908. 
LOED  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

Professor  Magnus  Gustaf  Eetzius,  elected  Foreign  Member  in  1907, 
was  admitted  into  the  Society. 

Mr.  William  Barlow,  the  Earl  of  Berkeley,  Mr.  Dugald  Clerk, 
Professor  Arthur  Dendy,  Professor  William  Gowland,  Dr.  David 
James  Hamilton,  Dr.  Otto  Stapf,  and  Dr.  Jocelyn  Field  Thorpe  were 
admitted  into  the  Society. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  Croonian  Lecture — "  On  the  Structure  of  the  Central  Nervous 
System  of  the  Higher  and  Lower  Animals" — was  delivered  by 
Professor  M.  Gustaf  Retzius,  For.  Mem.  R.S. 


May  21,  1908. 
LOED  EAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

Professor  Henry  Horatio  Dixon  and  the  Hon.  Bertrand  Eussell  were 
admitted  into  the  Society. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read : — 

I.  "  On  Some  Features  in  the  Hereditary  Transmission  of  the 
Albino  Character  and  the  Black  Piebald  Coat  in  Eats." 
(Paper  II.)  By  G.  P.  Mudge.  Communicated  by  Dr. 
A.  D.  Waller,  F.RS. 


IL  *■  A  Further  Note  on  the  Nutrition  of  the  Early  Embryo^  witk 
spec  id  reference  to  the  Cliick."  By  E.  EjrRVS-IiCiBBRTS. 
Ootnmunicat-od  by  Professor  C,  S,  Shjsrrington,  F.R.S. 

in.  **  The  Antagoiiiatie  Action  of  Calcium  upon  the  Inhibitory  Eflfect 
of  Magneaium/'  By  S.  J.  Meltzer  and  J.  AuKR.  Com* 
munieat^d  by  Professor  K-  H,  StahlinGj  F,KS, 


vl%  28,1908. 

LORD  RAYLEIGH,  OJL,  BCL.,  Fiemdent,  in  the  Chain 

Dr.  C.  L  Forsyth  Mttjor  waa  admitted  into  the  Society, 

A  List  of  the  Pre^ntd  received  was  laid  on  ths  tjililt,  and  Ihanks 
ordered  for  them. 

The  following  Papers  were  read  : — 

I.  **  On  the  Theory  of  Cnpilhirity/*     Bv  Professor  E.  T,  WunTAKiiR, 
F.R.S. 

IL  "Effect  of  a  Cross  Wind  on  Rifled  Projectiles."    By  A.  MmjjOTK, 
F.RS. 

in.  "  Transparent  Silver  and  other  Metallic  Films."  By  Professor 
T,  Turner.  Communicated  bv  Professor  J.  H.  Povxting, 
F.RS. 
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June  4,  1908. 

LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

Mr.  John  Stanley  Gardiner  and  Mr.  John  Hilton  Grace  were 
admitted  into  the  Society. 

M.  Henri  JBecquerel,  Professor  Friedrich  Robert  Helmert,  Professor 
S.  Kitasato,  and  Dr.  Samuel  Weir  Mitchell  were  elected  Foreign 
Members  of  the  Society. 

The  following  Papers  were  read  : — 

I.  "  On  the  Aberration  of  Sloped  Lenses,  and  on  their  Adaptation 
to  Telescopes  of  Unequal  Magnifying  Power  in  Perpendicular 
Directions."    By  the  Lord  Rayleigh,  O.M.,  Pre8.R.S. 

n.  "The  Optical  Constants  of  Gypsum  at  Different  Temperatures, 
and  the  Mitscherlich  Experiment."  By  Dr.  A.  E.  H.  Tutton, 
F.R.S. 

in.  **  On  the  Viscosity  of  Ice."  By  R.  M.  Deef^ey.  Communicated 
by  Dr.  H.  Woodward,  F.R.S. 

IV.  "The  Effect  of  Temperature  on  the  Neutralisation-voliune 
Change  for  Different  Salts  at  Different  Concentrations."  By 
Miss  Ida  Freund.     Communicated  by  F.  H.  Neville,  F.R.S. 

V.  "Note  on  a  New  Sounding  Machine  for  Use  on  Lakes  and 
Rivers  without  a  Boat."  By  Professor  E.  J.  Garwood. 
Communicated  by  Professor  T.  G.  Bonney,  F.R.S. 

VI.  "The  Electrical  Qualities  of  Porcelain,  with  Special  Reference 
to  Dielectric  Losses."  By  H.  F.  Haworth.  Communicated 
by  Professor  W.  E.  Ayrton,  F.R.S. 

Vn.  "On  the  Decay  of  the  Radium  Emanation  when  Dissolved  in 
Water."  By  R.  B.  Moore.  Communicated  by  Sir  William 
Ramsay,  K.C.B.,  F.R.S. 

The  Society  adjourned  over  the  Whitsim  Recess  to  Thursday, 
Jime  18. 
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^«JK  18,  1908. 

LOUD  RAYLEIGIi  OM.  UCX.,  Preaident,  in  the  Chair. 

A  List  of  the  Pfdeenti  rdeeived  was  laid  <m  the  btUla^  and  ihatik^ 
iirdered  for  thtim* 

ProltJBsnr  (rriifton  EIHot  8mith  (Qleciad  1907)  wm  admitteti  into  the 
Society* 

The  followijig  Puperu  were  read : — 

I,  *'  An  lilocUncid  Method  of  Gmntifig  the  Niunljer  of  a  PnrticleB 
from  KMdio-active  Siil>stane<^/-  By  Professor  E.  RUTHEEFORB, 
F.iiS.,  and  Dr.  Hans  (iKiQRH. 

II.  **Tho  Charge  and  N  a  tint?  of  the  a  Pjirticle,"  By  Professor 
E.  HiniEitFoiUi.  F.118.,  and  Dr.  Haks  GEmER. 

III.  "On  the  fek^att^inng  of  the  a  Particles  by  Matter/'     By  Dr.  Uxks 

GRiaEi{,    Communicated  by  ProfoBsor  Rutherford,  F.H,S. 

IV.  "StndiQs  of   the  Prooeesca  operatic  i?  in  Solutions.     Part  VL — 

Ilydratiuu,  Hvd  mint  inn  ;m*l  Tlvdrnlysis  as  Determinants  of 
the  Properties  of  Aqueous  Sohitions.  VII. — The  Relative 
Ettieiencies  of  Acids  as  deduced  from  their  Conductivities  and 
Hvdrolytic  Activities.  VIII. — The  Influence  of  Salts  on 
Hydrolysis,  and  the  Determination  of  Hydration  Values. 
IX. — The  Determination  of  Optical  Rotatory  Power  in  Solu- 
tions. X. — The  Changes  effected  hy  the  Reciprocal  Interference 
of  Cane-sugar  and  other  Sul^stances  (Salts  and  Non-electro- 
lytes)."    By  Professor  H.  E.  Arm.stromi,  F.R.S.,  and  others. 

V.  *'  The  Electrolytic  Pi'operties  of  Dilute  Solutions  of  Sulphuric 
Acid."     ByW.  C.  I).  Whetham,  F.R.S.,  and  H.  H.  Paine. 

VI.  "The  Giant  Nerve  Cells  and  Fibres  of  Halla  parthniope'iay  By 
Dr.  J.  H.  AsHWORTif.  Comminiicated  by  Professor  J.  C. 
EWART,  F.R.S. 

VII.  '•  On  Methods  for  the  Continuous  (Photographic)  and  Quasi- 
continuous  Registration  of  the  Diurnal  Curve  of  the  Tem- 
perature of  the  Animal  Body.'  By  Professor  A.  Gamgke, 
F.R.S. 
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Jutw  25, 1908. 
LORD  RAYLEIGH,  O.M.,  D.C.L.,  President,  in  the  Chair. 

A  List  of  the  Presents  received  was  laid  on  the  table,  and  thanks 
ordered  for  them. 

The  following  Papers  were  read  : — 

L  "  Have  Trypanosomes  an  Ultra-microscopical  Stage  in  their 
Life-History  ? "  By  Colonel  D.  Bruce,  C.B.,  F.R.S.,  and 
Captain  H.  R.  Bateman. 

n.  "  A  Search  for  Possible  New  Members  of  the  Inactive  Series 
of  Gases."  (Introductory  Note  to  the  Papers  by  Mr.  H.  K 
Watson  and  Professor  R.  B.  Moore.)  By  Sir  Wiijjam 
Ramsay,  K.C.B.,  F.RS. 

III.  "  The  Spectrum  of  the  Lighter  Constituents  of  the  Atmos- 

phere."      By  H.   E.   Watson.       Communicated    by  Sir 
William  Ramsay,  K.C.B.,  F.RS. 

IV.  "  An  Investigation  of  the  Heavier  Constituents  of  the  Atmos- 

phere."     By  Professor  R.  B.  Moore.     Communicated  by 
Sir  V\^iLLiAM  Ramsay,  K.C.B.,  F.RS. 

V.  "  On  the  Atomic  Weight  of  Chlorine."  By  Dr.  K  C.  Edgar. 
Communicated  by  Professor  H.  B.  DixoN,  F.RS. 

VI.  **Note  on  the  Vapour  Pressure  and  Osmotic  Pressure  of  a 

Volatile  Solute."     By  Professor  H.  L.  Callendar,  F.R.S. 

VII.  "  Eutectics  Research  No.  1 :  Alloys  of  Lead  and  Tin."      By 

W.  RosENHAiN  and  P.  A.  Tucker.     Commimicated  by 
Dr.  R  T.  Giazebrook,  F.RS. 

VIII.  **  The  Emission  and  Transmission  of  Rontgen  Rays."  Bv 
G.  W.  C.  Kaye.  Communicated  l>y  Professor  J.  J. 
Thomson,  F.RS. 

IX.  "Further  Note  on  a  Luminous  Glow  generated  by  Electro- 
static Induction  in  an  Exhausted  Vessel  made  of  Silica.'* 
By  Rev.  F.  J.  Jervis-Smith,  F.R.S. 

X.  "  The  Action  of  Chlorine  upon  Urea  whereby  a  Dichloro  Urea 
is  produced."    By  Dr.  F.  D.  Chattaway*  F.R.S. 

XI.  "  On  the  Reflection  of  Waves  from  a  Stratum  of  Gradually 
Varying  Properties,  with  Application  to  Sound."  By  Dr. 
J.  W.  NiCHOiiiON.  Communicated  by  Professor  J.  Larmor, 
Sec.RS. 


itxm 


XTTT, 


XIV, 


■  Pre1fniin«ry  Ace  omit  of  the  Habits  nnd  Structure  of  the 
AtiH8pidiidii*3  with  Remarks^  otj  f^ome  other  Fre»b- water 
Crustacea  from  Taitmania/'  By  Groffhey  W.  Smith, 
Ommutiiaitcd  hy  Professor  E.  B.  Poulton,  F,R,8, 

*Thc  O-fiuictinne — n  Chim  of  Noi*nial  Functions/*  By  E. 
Ct  NNiNGHJiM.  Communicateil  hy  Professor  K.  PKARfu^H, 
F.KB. 


** Diphtheria  Antitoxin."      By  D.  J.   Meulanby,     ODmrnuni- 
mted  by  Professor  J.  N,  Lakgi^y^  F.RS, 

XVi  "Thi^  Boil  ing-p<  lint  of  Snlphur  on  the  CondUnt-preTJSure  Air- 
Uiermonieter/'  By  N*  KirMORPQPour-os.  Communicated 
hy  Profeasor  Cajj.ej^dAH,  F.RS. 

XVI,  **Note  on  tht^  Boiling-point  of  Bulphun"  By  Professor  H.  U 
CALr,KN'T>AR,  F.K.S. 

XVI L  "A  Study  of  the  Variations  in  the  Secfetion  of  Hydro- 
(shlorio  Acid  in  the  Gastric  Contents  of  Mice  and  lints  iis 
L"OiO|)«red  with  the  Humaii  Subject  in  Cancer,"  By  Or.  S.  M, 
CoPEMAN,  F.R*S„  and  Dr,  H,  W.  Hakr 

XVIIL  **The   Spectrum   of    Scandium    and    it^    Relation    to   Ho\ms- 
Bpectra,"      By  Professor  A.  Fowf^KK.      Communicated  hy 

Sir  W,  Crooker,  FIi.S. 

XIX,  "Note  on  the  Tn«t;ibility  of  Tuben  *JtnhjMt4Ml  to  End  Pi-essiu'e, 
and  on  the  FoMs  fn  a  Flexible  Material."  By  A.  Mai.LOCK, 
F.H-S. 


The    Society   adjourned    ovei- 


the    Lon^   Vacation    to   Thursday, 


/\ 
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1907.]        Operational  Invariants  of  a  Binary  Quantic.  161 

In  general,  it  is  clear  that 


^/_Mri 


IT  I 


VI 


=  £.;  !/_!.(^^)-^^-.^^,-. 


TT  !       TT 

or,  as  it  may  be  otherwise  written, 

showing  that   the  Trth  trans  vectant  of  two  forms  is  ^obtainable  by  a  pure 
operation  upon  either  of  the  forms. 

So  far  as  the  writer  is  aware,  such  a  transvection  has  not  hitherto  been 
exhibited  as  the  result  of  a  pure  operation.  The  importance  of  the  operational 
invariant 

is  thus  evident. 
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0*00645  and  0'0121  respectively,  which  compare  well  with  the  values 
given  in  Table  II.  The  same  apparatus  gave  the  following  results  for 
mercury  at  high  temperatures : — 

Table  III, — Mercury  at  High  Temperatures. 


1 

Temperature. 

Logarithmic 
decrement. 

Logaritlimic 

decrement 

minus  the 

value  for  air 

and  corrected 

for  expansion. 

Density. 

Absolute 

Tiscositj 

according  to 

Koch7 

Absolute 
Tiscositj 
calculated 

from 
logarithmio 
decrement. 

65 

95 

188 

216 

0-1682 
0*1588 
0-1481 
0*1418 

0*1626 
0  1481 
0  1878 
0-1802 

18-48 
18-89 
18-27 
18-08 

0-0186                0-0188 
0-0125        1        0-0124 
0  0114                0-0116          ' 
0-0100        1        0  0106         : 

•  •  Ann.  der  Physik./  1881,  vol.  14,  pp.  1--12. 

An  example  of  a  determination  of  viscosity  at  a  somewhat  higher  tempera- 
ture is  given  in  Table  IV.  The  values  of  the  density  and  viscosity  for 
sodium  nitrate  have  already  been  determined  by  the  capillary  method* 
These  values  are  given  in  the  table  along  with  the  values  of  viscosity  calcu- 
lated from  the  logarithmic  decrements  using  the  same  density  values.  The 
disc  used  was  one  of  fireclay,  27  mm.  in  diameter.  The  constants  Ci,  Ca,  and 
C3,  as  detennined  by  oscillations  in  water,  mercury,  and  chloroform,  were 

Ci  =  0-4595,     Ca  =  1-238,     Ca  =  -0-2052. 


Tempera- 
ture. 


820 
858 
890 
435 
450 


Table  IV.— Sodium  Nitrate  (Melting  Point  309"^  C). 


Logarithmic  ' 
decrement. 


The  same 

minus 

Talue 

for  air. 


1440 
1255 
1180 
1053 
1022 


The  same 
corrected 

for 
expansion. 


Density 
(G-oodwin 

and 
Mailey). 


Viscosity 
(Goodwm 

and 
Mailey). 


0*1885 
0  1150 
0  1075 
0-0948 
0-0917 


0  1887 
0  1146 
0  1071 
0-0944 
0-0014 


1-91 
1-89 
1-86 
]  -88 
1-82 


0-0282 
0-0227 
0-0191 
0-0160 
0  0152 


Viscosity 

(from 

logarithmic 

decrement). 


0-0291 
0  0228 
0-0205 
0-0165 
0-0156 


The  numbers  in  the  last  two  columns  agree  within  the  experimental  error. 
These  results  sl)ow  the  availability  of  this  method  for  the  detennination 
*  Goodwin  and  Mailey,  loc.  cit 
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of  viscosity  up  to  the  highest  tempemture  at  which  a  platinimi  capillary 
has  been  usetL  Aa  the  fireclay  or  ^piphite  didO  remains  uncorroded  At 
>  temperatures  of  1000°  C,  and  overp  the  method  is  quite  well  suited  for  high 
temperature  work*  I  am  now  engaged  on  viscosity  measurements  ^ith  a 
number  of  salts  and  metals^  and  hope  l>efore  long  to  report  on  these. 


Any  expenses  connected  with  this  investigation  have  been  defrayed  by 
grants  from  the  Chemical  Society  and  from  the  Carnegie  Trust  for  the 
Universities  of  Scotland. 


